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The Thalanga sequence is a felsic, lava-dominated, submarine volcanic succession in the 
Cambra-Ordovician Mount Windsor Subprovince (northern Queensland, Australia). The 
sequence consists of altered rhyolite lavas, syn-volcanic intrusions and volcanielastic 
facies (footwall), conformably overlain by a lithologically diverse unit (Favourable 
Horizon) containing the Thalanga massive sulphide deposit, succeeded by a volcano-
sedimentary facies association dominated by wealdy altered dacite lavas (hangingwall). 
This package is ---400 to ~800 m thick, has a subvertical dip due to regional deformation 
and youngs towards the south. Massive, Zn-Pb-Cu-rich sulphide-ore lenses (total 6 Mt) 
are stratiform, occur over a strike length of ~3 km and are invariably underlain by a broad, 
continuous alteration zone which extends at least 300 m into the footwall. 
Regional metamorphism in the Thalanga area generated upper greenschist facies 
(450 to 500°C; :S3.5 kbar), foliated biotite-muscovite±chlorite assemblages. Subsequent 
contact metamorphism, associated with the intrusion of a voluminous, post-tectonic 
diorite pluton, was of similar metamorphic grade. 
Six drill core cross sections (total 15 km of core) in the Thalanga mine area and one 
outcrop section located 5 km to the west of the deposit have been studied. 
Reconstruction of the facies architecture indicates that the massive sulphides f01med in a 
below-storm-wave-base depositional environment on top of an elevated, lava-dominated, 
rhyolitic volcanic centre. Effusive eruptions persisted after formation of the massive 
sulphide lenses but involved compositionally and texturally distinct dacite. A modern 
analogue for the setting of the Thalanga deposit is the P ACMANUS hydrothermal field 
on the crest of the dacite lava-dominated Pual Ridge in the eastern Manus back-arc basin 
(Papua New Guinea). 
Rhyolite in the footwall alteration zone includes both genuine volcaniclastic facies 
and apparent elastic facies formed by domainal or multi-stage hydrothermal alteration of 
coherent rhyolite. A comparison of the distribution of elastic and coherent facies with the 
geometry of pyrite-rich, intensely altered, discordant zones in the footwall suggests that 
intense hydrothermal fluid flow was independent of the facies arrangement. 
Alteration facies at Thalanga are texturally and mineralogically diverse and ten 
different facies have been defined on the basis of dominant mineral assemblages and 
general alteration intensity. Alteration facies representing moderate to intense 
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hydrothermal alteration (quartz-K-feldspar, disseminated tremolite, quartz-pyrite, 
chlorite-pyrite, carbonate-chlorite-tremolite and phyllosilicate-rich, mottled alteration 
facies) are exclusive to the footwall. The mottled facies, characterised by muscovite-
biotite-chlorite±pyrite assemblages, represents the bulk of the footwall alteration zone 
and is related to diffuse upflow of hydrothermal fluids causing destruction of primary 
feldsp;:ir, formation of hydrothermal phyllosilicates and precipitation of pyrite. It 
envelopes discordant zones of quartz-pyrite alteration facies connected to massive 
sulphides in the Favourable Horizon. Variations in the distribution of some alteration 
facies along strike suggest that parts of the hydrothermal system exp~rienced particular 
alteration processes. Low intensity alteration facies ( epidote, phyllosilicate, and albite 
alteration and hematite dusting) are common in the hangingwall dacite and probably 
represent the results of diagenetic alteration and low-grade sub-seafloor metamorphism. 
The geochemical effects of alteration were examined using whole rock major and 
trace element data and electron microprobe analyses of chlorite, biotite and muscovite. 
Mass balance calculations show that hydrothermal alteration in the footwall is 
characterised by substantial gains in Fe, S and Mg and Na loss. Furthermore, most 
alteration facies gained Si, and K was conserved or added during hydrothermal activity. 
The concentrations of Ba, Rb, Sr, As and Bi vary according to qunatitative differences in 
major mineral phases among alteration facies (eg. abundances of barite, muscovite, alkali 
feldspar, plagioclase, tremolite, epidote and pyrite). Light REE were added to footwall 
rhyolite during hydrothermal alteration whereas heavy REE remained immobile. In 
general, Eu was progressively leached from the footwall with increasing intensity of 
hydrothermal alteration .. The geochemical data and in particular the Mg-rich character of 
the footwall alteration zone indicate that the hydrothermal fluids at Thalanga were 
seawater-derived. 
Several compositional features of the footwall alteration zone show systematic 
changes with distance from the ore defining a geochemical halo. These geochemical 
proximity indicators may assist in prospect- and mine-scale exploration for VHMS 
deposits in similar geological settings. 
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1 Introduction 
Volcanic hosted massive sulphide (VHMS) deposits are an important source of base 
metals (Zn, Cu and Pb) and may also contain substantial Ag and Au. In general, VHMS 
deposits have been compared and contrasted using characteristics such as metal content 
and metal ratios, structure of the ore body and composition of the host-rock sequence. 
Accordingly, a variety of classification schemes have been proposed based on geotectonic 
~ 
setting (Sillitoe, 1973; Sawkins, 1976), host-rock lithology (Klau & Large, 1980; Morton 
& Franklin, 1987) and major ore element chemistry (Hutchinson, 1973; Solomon, 1976; 
Lydon, 1988; Large, 1992). The stratiform, Early Ordovician, Thalanga massive sulphide 
deposit consists of polymetallic ore lenses hosted by a submarine, felsic volcanic 
sequence and may be classified as a Zn-Pb-Cu-type or Kuroko type VHMS deposit. 
VHMS deposits occur throughout the geological time-scale and are typically hosted 
by volcanic successions formed in submarine basins. It is inferred that present-day 
hydrothermal fields on the ocean floor, associated with black smokers and actively 
forming massive sulphides, represent a modern analogue for the geological environment of 
massive sulphide mineralisation in the past. However, most of the modern hydrothermal 
systems occur on mafic oceanic crust whereas VHMS deposits are commonly hosted by 
felsic-dominated sequences (Solomon, 1976). Recent discoveries of active hydrothermal 
fields located on felsic, submarine volcanic structures probably represent the closest 
modem analogue to many ancient massive sulphide deposits including Thalanga 
(PACMANUS, Manus Basin, Binns & Scott, 1993; JADE, Okinawa Trough, Halbach et 
) 
al., 1993).· 
World-class VHMS ore bodies (containing tens to hundreds of Mt of ore), occur in 
Spain and Portugal (Iberian Pyrite Belt), Russia (Ural Mountains), Sweden (Skellefte and 
Bergslagen Districts), Canada (Abiti, Noranda and Bathurst Mining Camps) and Australia 
(Mount Read Volcanics, Tasmania). Large (1992) lists 30 significant VHMS deposits 
(with ~1 Mt of ore) on the Australian continent ranging in age from early Archean to 
Permian with an estimated total metal content of ~20 Mt (combined Cu, Pb and Zn). 
These deposits show a wide spectrum of characteristics in terms of ore body geometries, 
ore mineralogies and metal ratios. However, there are significant similarities, including 
features such as metal zonation, alteration mineralogy, alteration chemistry, sulphur 
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isotope characteristics, ore textures and host volcanic relationships. Most deposits are 
located in Western Australia (Archean), Tasmania (Cambrian), northern Queensland 
(Cambro-Ordovician), and southeastern Australia (Silurian) (Fig. 1.la). The Cambrian to 
Ordovician was an important time for VHMS formation in Australia and deposits of this 
age contain a total of -12 Mt of metal (Fig. 1.1 b ). The largest deposits occur in Tasmania 
(Mount Lyell, Rosebery and Hellyer) whereas deposits in northern Queensland are 
significantly smaller (Table 1.1). 
Table 1.1: Total resource data tor Cambrian to Ordovician VHMS deposits > 1 Mt in Australia 
deposit Size (Mt) Cu(%) Pb(%) Zn(%) Au (ppm) Ag (ppm) 
West Tasmania (Mount Read Volcanics) 
Mount Lyell: 
Lyell Blow 5.6 1.3 nr nr 2.0 61.0 
Prince Lyell 87.6 0.9 nr nr 0.3 2.0 
North Lyell 5.1 5.3 nr nr 0.4 33.0 
Royal Tharsis 1.5 1.5 nr nr 0.5 2.8 
Cape-Horn 1.4 1.4 nr nr 0.4 3.3 
Crown Lyell Ill 2.1 1.4 nr nr 0.3 4.1 
Crown Lyell OC 1.1 1.4 nr nr 0.5 3.9 
Lyell Comstock 2.4 2.4 nr nr 0.7 5.2 
Rosebery 19.4 0.7 5.0 16.2 2.9 155.0 
Hercules 2.6 0.4 5.2 16.7 2.7 159.0 
Que River 3.1 0.6 7.5 13.5 3.4 200.0 
Hellyer 16.0 0.4 7.0 13.0 2.3 160.0 
Northern Queensland (Mount Windsor Subprovince and Balcooma) 
Reward 1.5 5.0 nr nr 1.5 nr 
Balcooma 3.5 3.0 nr nr 3.0 nr 
Liontown 2.0 0.5 2.3 6.6 0.9 50.0 
Dry River South 1.5 1.1 3.4 9.4 0.8 97.0 
Thalanga 6.6 1.8 2.6 8.4 0.4 69.0 
from: Large (1992); except Thalanga (1998 resource estimate); nr: not recorded 
The subject of this thesis is the geological setting of the Thalanga VHMS deposit, 
the largest massive sulphide occurrence in northern Queensland. The deposit was mined 
from 1990 to 1998 and can be described as a metamorphosed, Zn-Pb-Cu-Ag-Au ore body 
\\ith a pronounced sheet-like geometry consisting of several, partly connected, thin 
(generally ~10 m), stratiform lenses of pyrite-sphalerite-galena-chalcopyrite with variable 
gangue assemblages. The host-rock sequence (Thalanga sequence) consists of footwall 
rhyolite which is moderately to intensely altered below the ore bodies and a weakly 
altered succession dominated by dacite in the hangingwall. 
3 
Fig. 1.1: Distribution, age and metal contents of Australian VHMS deposits (from Large, 
1992). 
(a) Location and age of major Australian VHMS deposits (modified from Large, 1992). 
Ages shown in italic (Archean), bold (Cambrian and Ordovician) and plain 
(Silurian, Devonian and Permian) font. 
(b) Metal content (combined copper, lead and zinc) of Australian VHMS deposits 
(modified from Large, 1992). The Cambrian to Ordovician represents the most 
important time for VHMS-style mineralisation in Australia yielding world-class 
deposits in western Tasmania (Mount Read Volcanics) and smaller deposits m 
northern Queensland (Mount Windsor Subprovince and Balcooma). 
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This thesis is concerned with the facies architecture of the felsic volcanic host-rock 
sequence to the Thalanga deposit and the zonation and geochemical features of the 
hydrothermal alteration system. Specifically, this study aims to 
• constrain the conditions of regional and contact metamorphism in the Thalanga area, 
• reconstruct the volcanic facies architecture of the Thalanga sequence, 
• define alteration facies based on texture and mineralogy and reconstruct the geometry 
of the mineralising hydrothermal system, 
• investigate possible relationships between volcanic facies architecture and the 
geometry of the hydrothermal system, 
• determine the primary geochemistry of footwall rhyolite and hangingwall dacite and 
consider implications for petrological interpretations, 
• characterise the geochemical changes associated with hydrothermal alteration, 
• identify any geochemical indicators of proximity to the massive sulphides which 
could be applied in base metal exploration. 
Due to the scarcity of natural outcrop in the Thalanga mine area most of the 
geological information for this research was obtained from diamond drill core. The facies 
architecture of the Thalanga sequence has been reconstructed by linking data from a series 
of cross sections along strike of the deposit. Volcanic facies interpretation has been 
difficult in footwall rhyolite below the ore body because primary textures have been 
variably modified due to hydrothermal alteration and metamorphism. Allen (1988) 
-demonstrated that domainal or multi-stage alteration can generate apparent elastic textures 
in coherent facies of felsic lavas and intrusions. Similar features have been observed at 
Thalanga and specific textural criteria were established in order to discriminate coherent 
facies with 'pseudoclastic' textures from genuine volcaniclastic facies in the footwall 
alteration zone. The influence of primary volcanic facies on the pathways of 
hydrothermal fluids has been assessed by comparing the volcanic facies architecture of 
footwall rhyolite with the geometry of the footwall alteration zone. 
Hydrothermal alteration has produced texturally and mineralogically diverse 
assemblages which define a semi-conformable, stratabound footwall alteration zone in 
rhyolite below the Thalanga ore body. Definition of mapable alteration facies based on 
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distinctive mineral assemblages, textures and general intensity of alteration allowed 
reconstruction of the geometry of alteration zones. Geochemical analyses including major, 
trace and rare earth elements were used to characterise the geochemical changes associated 
with each alteration facies whereas data for least-altered samples of footwall rhyolite and 
hangingwall dacite were used to investigate the primary geochemistry of the Thalanga 
sequence. Mass balance calculations were performed in order to identify the net 
geochemical changes associated with alteration at Thalanga. 
The geochemical halo of the Thalanga deposit was outlined by investigating 
systematic changes in whole rock and mineral composition correlated with distance from 
the massive sulphides. From these data a set of geochemical proximity indicators were 
determined. 
The results of this study provide constraints on the geological environment and 
conditions of massive sulphide formation at Thalanga and have implications for VHMS 
ore genesis models and for mineral exploration. This approach shows that integrating 
volcanic facies analysis with geochemistry and alteration studies is an effective way to 
build a better understanding of VHMS deposits in ancient, metamorphosed successions. 
This thesis represents an example of the usefulness of an integrated approach in the 
study of VHMS deposits by combining different disciplines of geological research which 
are commonly pursued independently. 
1.2 Regional geology of the Mount Windsor Subprovince 
_The Tha1anga deposit is located close to the western end of the Cambra-Ordovician 
Mount Windsor Subprovince, an EW trending, elongate belt of deformed marine 
sedimentary and volcanic rocks in northern Queensland (Fig. 1.2). The area is 
characterised by a peneplain landscape with a bushland savanna vegetation and has a dry, 
tropical climate with rainfall restricted to the summer months (December to February). 
Discontinuous outcrop over a distance of ~ 160 km exposes a grossly conformable 
stratigraphic succession with a subvertical, south-facing dip and a thickness up to 10 km 
(Henderson, 1986; Berry et al., 1992). Granitoid intrusions of the Ordovician to 
Devonian Lolworth-Ravenswood batholith occupy the northern margin of the 
6 
Fig. 1.2: Simplified geological map of northern Queensland. 
This map shows the distribution of Precambrian basement rocks and major 
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subprovince. To the south, the succession is unconformably overlain by Devonian to 
Carboniferous sedimentary formations of the Drummond Basin (Fig. 1.2). 
1.2.1 Stratigraphy of the Seventy Mile Range Group 
The Cambra-Ordovician succession in the Mount Windsor Subprovince has been divided 
into four conformable formations which together constitute the Seventy Mile Range 
Group (Henderson, 1986; Fig. 1.3). The Puddler Creek Formation (PCF) at the base of 
the Seventy Mile Range Group consists of dominantly continental-derived, lithic 
sandstone and greywacke interbedded with siltstone. Basaltic to andesitic intrusions and 
lavas of alkaline affinity are abun_dant in the upper part ofthe PCF. The overlying Mount 
Windsor Formation (MWF) consists mainly of rhyolitic lavas and intrusions and 
monomictic, rhyolitic volcaniclastic facies. The stratiform massive sulphide deposit at 
Thalanga occurs at the top of the MWF. The overlying Trooper Creek Formation (TCF) 
comprises a variety of sedimentary and volcanic lithofacies and shows prominent lateral 
facies variations. The volcanic facies have andesitic, dacitic and rhyolitic compositions 
and include lava, syn-volcanic intrusions and volcaniclastic mass-flow units. The non-
volcanic facies principally consists of sand- and siltstone turbidites, and massive to 
laminated black mudstones. In addition, silica-ironstones ('jaspers') and massive sulphide 
deposits occur within the TCF (eg. Liontown, Highway-Reward and Waterloo, Fig. 1.3). 
Most of these deposits are relatively small ( <1 Mt to 2 Mt; Berry et al., 1992) and 
currently sub-economic. At present, mining is restricted to the Cu-Au rich ore body at 
Highway-Reward. The Rollston Range Formation overlies the TCF and consists of 
fossiliferous sandstone, siltstone and siliceous mudstone. In most parts of the Mount 
Windsor Subprovince the Seventy Mile Range Group is covered by up to 100 m of 
sandstone and conglomerate of the Tertiary Campaspe Formation. 
Age 
The age of the Seventy Mile Range Group most likely spans the Cambrian-Ordovician 
boundary (Fig. 1.3b). Zircons from rhyolite lavas of the MWF have been dated by 
SHRIMP U-Pb and yielded crystallisation ages of 481±5 and 485±5 Ma (Early 
Ordovician; Perkins et al., 1993). Palaeontological dating based on graptolites in the TCF 
8 
Fig. 1.3: Regional geology and stratigraphy of the Seventy Mile Range Group. 
(a) Regional geology of the Seventy Mile Range Group in the western part of the 
Mount Windsor Subprovince (from Huston et al., 1995 after Henderson, 1986). 
Thalanga and several other base metal sulphide deposits and prospects are shown 
(Berry et al., 1992). 
' (b) Generalised stratigraphic column for the Seventy Mile Range Group in the Mount 
Windsor Subprovince (modified from Large, 1992). Ages are based on: 
I) Graptolites from the TCF (Mount Windsor area) and the Rollston Range 
Formation (Mount Windsor and Sunrise Spur area) (Henderson, 1983). 
2> Zircon crystallisation ages (Perkins et al., 1993) for rhyolite samples from the 
Thalanga railway cutting and near Liontown station. Original data were measured 
against the SL 13 standard and ages presented here are recalculated in accordance 
with recommendations of Black et al. (1997). 
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constrain its age to Lancefieldian (Early Ordovician; Henderson, 1983). Consequently, the 
stratigraphic position of the Thalanga deposit at the top of the MWF is Early Ordovician 
in age. It is inferred that the sedimentary facies association of the PCF underlying the 
MWF was deposited during the Cambrian. 
Depositional environment 
The presence of turbidites, suspension-settled mudstone and graptolite and pelagic 
trilobite fossils (Henderson, 1983) implies that most of the succession was deposited in a 
below-wave-base, relatively deep marine environment. The sedimentary facies association 
at Thalanga is dominated by mudstone and graded mass-flow units which is consistent 
with this general interpretation. However, shallow water facies have recently been 
identified in the TCF close to the Highway-Reward massive sulphide deposits (Doyle, 
1997), indicating that water depths varied spatially and temporally. 
Tectonic setting 
The geochemical and Nd isotope characteristics of volcanics in the Mount Windsor 
Subprovince indicate that they were emplaced in a continental back-arc basin (Stolz, 
1995). In a model for the tectono-magmatic evolution of the Mount Windsor Subprovince 
(Fig. 1.4), Stolz (1995) inferred that sediments of the PCF were deposited on an 
attenuated passive continental margin during the Neo-proterozoic? to Upper Cambrian. A 
change in the tectonic regime caused the onset of subduction and development of a back-
arc basin on continental crust leading to the emplacement of alkaline andesites in the top 
part of the PCF. Subsequently, substantial melting of the continental lithosphere 
produced the quartz-phyric rhyolites of the Mount Windsor Formation. Volcanics in the 
TCF have compositional characteristics indicative of a magma source that was generated. 
or modified at least partially, by subduction-related processes. 
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Fig. 1.4: A model for the tectonic evolution of the Mount Windsor Subprovince from the 
Neoproterozoic? to Early Ordovician (from Stolz, 1995). 
This model is based on geochemical and isotopic data for various volcanic rocks 
from the Seventy Mile Range Group. 
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Regional deformation and metamorphism 
The subprovince has been deformed by up to four major events (DJ to D4, Berry et al., 
1992). However, early faults (Dl) that occur locally in the Mount Windsor Subprovince 
have not been recognised at Thalanga. Regional deformation (D2) was associated with 
relatively low pressure regional metamorphic assemblages, ranging from sub-greenschist 
grade in the cast to upper greenschist grade in the west, aml prmlw.:t:tl a near vertical axial 
plane penetrative cleavage (S2). The Mount Windsor Subprovince is interpreted to 
represent a single, south-facing limb of a large, E-W trending, upright D2 syncline. Two 
later phases of faulting (D3 and D4) could be associated with the emplacement of 
~ unfoliated (post-D2) Siluro-Devonian intrusions. These post-kinematic plutons have 
hornfels facies contact metamorphic aureoles which commonly contain cordierite. The 
aureoles are readily recognisable in the eastern part of the Mount Windsor Subprovince 
where prograde contact metamorphism exceeded the grade of the earlier regional 
metamorphism. 
1.3 Geology of the Thalanga VHMS deposit 
The Thalanga deposit is situated at the foot of the eastern end of a low, northwest 
trending, strike ridge (Thalanga Range), flanked to the north, east and south by an 
extensive peneplain (Fig. 1.5). Outcrop in the vicinity of the deposit is poor and most of 
the geological interpretation in the area is based on observations from RAB/Percussion 
holes, diamond drill holes and mine development. 
A hematite-limonite gossan above the Central Thalanga ore lens was discovered in 1975 
by Penarroya (Aust) Pty Ltd (Hartley, 1984; Herrmann, 1995). Mining commenced in 
1989 under a joint venture of Pancontinental Mining Ltd, Outokumpu Australia Pty Ltd 
and Agip Australia; later Pancontinental was the sole owner of the mine. Thalanga became 
part of the RGC group in 1995. After the initial development of an open pit to access the 
supergene enrichment zone, primary massive sulphides were extracted by underground 
developments. Mining operations ceased in June, 1998 due to the depletion of reserves. 
From 1990 to 1998 a total of 4,707,607 t of supergene and primary massive sulphide ore 
were milled and concentrated on site and transported to port via the nearby Mount Isa-
Townsville railway line. The total mineral resource (including past production and in-
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ground resources) was estimated in June 1998 as 6.6 Mt@ 1.8% Cu, 2.6% Pb, 8.4% Zn, 
69g/t Ag and 0.4g/t Au (data provided by Phil Jay, RGC Thalanga Pty Ltd, September. 
1998). 
1.3.1 Stratigraphy 
The TIIBlanga d~pusil occurs at the top of MWF rhyolites (thickness: 500 to 1 OOO m) 
and below a volcano-sedimentary succession dominated by dacites (TCP, thickness: 
>500 m). The stratigraphic interval that includes the ore body is referred to as the 
Favourable Horizon. In this thesis, the footwall rhyolites, the lithologies of the 
Favourable Horizon and the hangingwall succession are collectively referred to as the 
'Thalanga sequence'. In a vertical long projection of the Favourable Horizon, the Thalanga 
ore body has an arcuate shape over a strike extent of about 3000 m and the main ore 
lenses are referred to as East, Central and West Thalanga (Fig. 1.5). The ore lenses have 
sheet-like geometries ranging in thickness from <1 m to about 25 m with an average of 
about 5 m. Small satellite massive sulphide bodies occur to the west (West 45) and the 
east (Far East & Onent) of the main Thalanga deposit. 
At Thalanga, phenocryst assemblages have been used to discriminate among the 
lithofacies and also provide a good indication of composition. Rhyolites in the footwall 
(MWF) are quartz ± feldspar-phyric whereas dacites in the hangingwall (TCF) are 
feldspar-phyric (or aphyric). These texturally defined groups correlate well with 
geochemical subdivisions based on immobile element ratios (Chapter 6). 
On a regional scale, the stratigraphic boundary between the MWF and the TCF was 
assigned by Henderson (1986) to the basal contact of the lowermost dacite. At Thalanga, 
the contact between the TCF and the MWF is at the basal contact of the first occurrence 
of dacite clast-bearing breccia units or dacite lava overlying the massive sulphides. 
Consequently, the Favourable Horizon is part of the MWF. It should be noted that 
quartz-phyric rhyolite clasts occur in some polymictic breccia in the TCF. 
The footwall of the massive sulphides consists of rhyolite lavas,, syn-volcanic 
intrusions and resedimented rhyolitic breccia units (MWF) which show variable degrees 
of textural, mineralogical and geochemical modification as a result of hydrothermal 
alteration, deformation and metamorphism. 
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The Favourable Horizon conformably overlies footwall rhyolite and consists of 
diverse facies with marked lateral variations. It ranges in thickness between 5 and 50 m in 
the Thalanga mine area and includes coarse quartz-feldspar crystal-rich volcaniclastic 
facies ('Quartz-Eye Volcaniclastics'), coarsely quartz-feldspar-phyric rhyolite sills, rare 
rhyolitic breccia, massive to semi-massive sulphides, carbonate-tremolite-chlorite rocks, 
massive to semi-massive barite, silica-ironstone and laminated or massive grey-brown 
mudstone. 
The hangingwall (TCF) consists of a volcano-sedimentary succession dominated by 
dacite with patchy or vein controlled alteration which is generally not texturally 
destructive. 
1.3.2 Intrusions 
Two large plutons in the vicinity of the Thalanga deposit were identified by geomagnetic 
surveys and intersected by drilling (Fig. 1.5). A foliated (pre-D2) granitoid is located to 
the north of the Thalanga ore body and in East Thalanga, an unfoliated (post-D2) diorite 
intrusion cross cuts the stratigraphy. The diorite has a garnet-bearing contact 
metamorphic aureole and its apophyses are commonly present in drill core from East 
Thalanga. Relatively thin (<l m to 5 m), post-D2 dikes and sills of dolerite and basalt 
occur locally. 
1.3.3 Structure 
Tue structural geology of the Thalanga area was examined in detail by Hill ( 1996) and 
Fig. 1.6 illustrates the results of that study. Tue Thalanga sequence was deformed during 
regional deformation (D2) and a strong, bedding parallel foliation (S2) developed in 
incompetent, phyllosilicate-rich rocks such as sedimentary and volcaniclastic facies in the 
hangingwall and in the altered, phyllosilicate-rich footwall rhyolite. Foliated biotite, 
commonly in assemblages including quartz, muscovite and chlorite, are ubiquitous in 
altered rhyolite and pelitic sedimentary and volcaniclastic facies, indicating metamorphic 
conditions of upper greenschist grade. The ore lenses of West, Central and East Thalanga 
are separated by NNE striking normal faults ('pre-D3 structures' of Hill, 1996). 
Displacement along ENE trending faults during a younger deformation event (D3, Hill 
14 
Fig. 1.5: Geological map of the Thalanga mine area. 
This map shows the location of cross sections through the Thalanga sequence 
examined for this thesis. Parts of the MWF are exposed in outcrop along the 
Thalanga Range but its contact with the PCF is covered by the Tertiary Campaspe 
Formation and has been inferred from RC drilling to the north and northwest of the 
mine. The contact between the PCF and the MWF is only exposed in outcrop close 
to the Flinders Highway. The inset shows a vertical long projection of the Thalanga 
ore lenses and the location of the drill core based cross sections. The outcrop 
section uses a railway cutting 5 km west of the Thalanga mine. Grid references refer 
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1996) moved footwall rhyolite into an apparent hangingwall position above the 
Favourable Horizon in Central Thalanga (Fig. 1.5). The change in strike of the Thalanga 
sequence from northwest (West Thalanga) to northeast (East Thalanga) is due to sub-
vertical open folding (wavelength > 10 km, N-striking axial plane) which formed after 
regional folding and prior to D3-faulting (Hill, 1996). 
1.4 Previous research 
1.4.1 Mount Windsor Subprovince 
Major studies on aspects of the geology of the Mount Windsor Subprovince include 
papers presented by Henderson (1983, 1986), Berry et al. (1992) and Stolz (1995). 
Henderson (1986) demonstrated that the Cambro-Ordovician volcano-sedimentary 
succession of the Seventy Mile Range Group represents a distinctive subprovince within 
the Charters Towers Province and divided the sequence into four conformable formations. 
Berry et al. (1992) provided a description of the structural history of the Mount Windsor 
Subprovince and the geology of the massive sulphide deposits. Stolz (1995) presented 
geochemical and isotopic evidence for the tectonic evolution of the subprovince, from an 
attenuated passive, continental margin to a subduction-related, back-arc rift setting. 
Detailed deposit-scale studies on VHMS deposits in the Mount Windsor Subprovince 
have been published by Kay (1987; Highway deposit), Mulholland (1991; Magpie 
deposit), Beams et al. (1990; Reward deposit) and Huston et al. (1995, Waterloo and 
Agincourt deposits). 
Several research projects on geological problems in the Mount Windsor 
Subprovince were completed at the CODES Special Research Centre (formerly Key 
Centre), University of Tasmania. These include Herrmann (1994, genesis of massive 
carbonate-tremolite-chlorite rocks at Thalanga), Miller (1996, geology of the Liontown 
deposit) and Doyle (1997, volcanic setting of the Highway-Reward deposit). A detailed 
study on the genesis of the Thalanga massive sulphide deposit was completed by Hill 
(1996). Other on-going projects include a geochemical study of the Waterloo deposit 
(Thomas Monecke, PhD project) and a project on the regional volcanic facies architecture 
of the Seventy Mile Range Group (Kirsten Simpson, PhD project). 
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Fig. 1.6: Schematic block models of the main deformation events at Thalanga (from Hill, 
1996). 
The massive sulphide deposit is represented with a hatched pattern. Depth to hinge 
of F 2 syncline is unknown. 
a) D2: E-W trending upright fold 
b) Pre - 03: Subvertical open fold, 
with N-striking axial plane 
c) Pre - 03: NNE-striking normal fault, 
west side down 
d) 03: ENE-striking normal faults, 




The results of the initial exploration phase at Thalanga are documented in Gregory et al. 
(1990) and references therein. Based on data from about 100 exploration diamond drill 
holes, the exploratory decline, cross-cuts and underground drilling in Central Thalanga, it 
was concluded that the mineralisation was of syn-genetic origin and that massive 
sulphides v,rere deposited onto the seafloor from dense saline solutions. 
In a major study on the Thalanga deposit, Hill (1996) investigated the origin of the 
massive sulphides and associated massive to semi-massive carbonates, the volcanic facies 
association of the Favourable Horizon and the structural geology of the Thalanga area. 
The focus of the study was the geology of the Favourable Horizon and the spatial 
relationship between massive sulphides and the immediate host rocks. Hill (1996) 
concluded that the deposit was of syn-genetic origin but that the massive sulphides 
formed predominantly by sub-sea:floor replacement of coarse quartz-bearing 
volcaniclastic units (Quartz-Eye Volcaniclastics or QEV) and carbonate-chlorite-rich 
alteration assemblages (now carbonate-chlorite-tremolite-rich rocks). Sulphur isotopes 
indicated that the hydrothermal solutions contained dissolved igneous sulphur and 
Cambre-Ordovician seawater sulphur that had been inorganically reduced during 
hydrothermal convection. 
Hill (1996) also demonstrated that the Thalanga massive sulphides have been 
strongly recrystallised and partially remobilised during regio~al deformation (D2). 
Locally, structural repetition and thickening of the massive sulphides occurred along 
younger faults (D3) which are oriented at a low angle to stratigraphy. 
Massive carbonate-chlorite-tremolite-rich rocks in the Favourable Horizon of West 
Thalanga were initially interpreted to represent metamorphosed calcareous exhalites 
(Gregory et al., 1990). However? in a detailed geochemical study, Herrmann (1994) 
showed that these rocks have immobile element ratios similar to footwall rhyolite and 
concluded that they represent metamorphosed equivalents of intensely carbonate-chlorite 
altered footwall rhyolite rather than genuine exhalites. 
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1.5 Approach and methods 
The principal aims of this study are to examine the volcanic facies architecture of the 
felsic host rock sequence to the Thalanga massive sulphide deposit, the geometry of the , 
alteration system and geochemical modifications related to hydrothermal alteration and 
the conditions of regional and contact metamorphism. This was achieved by constructing 
six cross sections using diamond Urill holes and examination of one outcrop cross section 
5 Ian to the west of the Thalanga mine. 
In the outcrop section, the entire MWF and a large portion of the TCF are exposed. 
In the mine area, the stratigraphic thickness of the Th.alanga sequence, represented in drill 
hole cross sections, ranges from 300 to 700 m and includes the upper - 150 to 450 m of 
the footwall (including outcrop on watertank hill in West Thalanga, Fig. 1.5), 5 to 50 m of 
a 
the Favourable Horizon and - 200 to 250 m of the hangingwall. The down-dip extent of 
the cross sections in the mine area varies between 600 and 900 m. 
1.5.1 Drill hole coverage 
Due to the limited outcrop in the Thalanga mine area, the project relied strongly on 
diamond drill core ldgging. Drilling was targeted at the Favourable Horizon and 
intercepted variable stratigraphic thicknesses of the footwall and hangingwall. Cross 
sections were located mainly where relatively long drill holes (up to 1000 m of drill core), 
collared up to 300 m stratigraphically above or below the Favourable Horizon, were 
available. Each cross section is based on 4 to 6 ·drill holes covering variable stratigraphic 
thicknesses and down-dip extent (Table 1.2). In total, -15,000 m of core from 33 
diamond drill holes were examined. Graphic logs and detailed lithological descriptions of 
these drill holes are presented in the Appendix. 
Although diamond drill core provides continuous one-dimensional 'outcrop', there 
are some problems in its use for geological interpretations. At Thalanga, drill holes 
projected onto cross sections may in fact deviate laterally by ± 50 m from the position of 
the section(± 80 m in section 4). Therefore, the geology and facies relationships shown 
on the cross sections are based on information from a slice through the Thalanga sequence 
, -
up to 150 m thick (Fig. 1.7). Furthermore, drill holes may be up to several hundred 
metres apart in the down-dip direction of the cross sections (Fig. 1 .8) and some 
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Fig. I. 7: Locations of drill hole cross sections in the Thalanga mine area and surlace 
projections of drill holes logged for this study. 
Note that the drill holes may deviate laterally away from the sections by ±50 m. 
Therefore, the geological interpretations of these cross sections represent slices 
rather than true two dimensional sections through the Thalanga sequence. 
(a) Thalanga mine area showing the locations of cross sections examined for this study 
and the orientation of the West and East Thalanga mine grid. Also shown are the 
surface projections of TH471 which intersects the contact between footwall 
rhyolite and the diorite intrusion, and underground drill hole E3204SD50 which 
intersects mudstone with cordierite porphyobl~st~ in the Favourable Horizon. 
Open circles indicate collar position. 
(b) Surface projection of the drill holes logged and sampled for this study in West and 
Central Thalanga and locations of sections 1 ll9450E), 2 (20080E), 3 (20460E), and 
4 (20800E). 
(c) Surface projection of the drill holes logged and sampled for this study in East 
Thalanga and locations of sections 5 (31980E), and 6 (32380E). 
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Table 1.2: Summary of logged diamond drill holes 
Sections through the Thalanga sequence in the mine area 
cross section stratigraphic thickness diamond drill holes total for diamond drill hole total for total for 
intersected {footwall and FH) footwall (hang in JWall) hangingwall section 
mine grid location footwall hangingwall name length [m] and FH name length [m] 
and FH 
19450E ± 60 section 1 (Far West) -270m -250m TH148 550 TH37 500 
............................... .............................. . ................................ ............................ 
iust west of main TH410 440 TH40 590 
............................... .............................. . ................................ ............................ 
western ore lens TH410A 300 I,1290m TH62C 950 I,2040m I,3330m 
20080E ± 60 section 2 (West) -230m -230m TH234A 350 TH28 530 
............................... .............................. . ................................ ............................ 
through main West TH245 550 TH29 320 
............................... .............................. . ................................ ............................ 
Thalanaa ore lens TH247 310 I,1210m TH41 600 I,1550m I,2760m 
20460E ± 50 section 3 (Central) -280m -120m 
.. P..9.~ .. .'?.f..It!.?. ... 300 .. P..9.~ .. .'?.f .. It!.?. ..... 200 .............................. .. .......................... 
western part of Central TH112 650 TH334 150 
............................... .............................. . ................................ ............................ 
Thalanaa lens TH238 260 I,1210m C2047SD46 120 I,470m I,1680m 
20800E± BO section 4 (Central} -300m -100m TH3 200 part of 170 
TH18 
•••••••••••••••••••••••• u ..... 
part of Central 
.............................. 
..i:>.i:i"rt···c;r·············· ···························· eastern part of 230 100 
TH18 TH38 
............................... .............................. . ................................ ............................ 
Thalanga lens part of 300 
TH38 
............................... .............................. . ................................ ............................ 
TH412A 580 
............................... .............................. ••••••n••••••••••••••••••••""""" ............................ 
TH412B 750 I,2060m I,270m I.2330m 
31980E ± 50 section 5 (East) -300m ~200m TH85 600 TH382A 500 
............................... .............................. . ................................ ............................ 
through main East TH85A 300 TH401 130 




TH488C 1050 I,2330m I,630m I,2960m 




just east of East TH144B 700 
............................... .............................. ................................. . ........................... 
ThalanQa ore lens TH394 500 I,1480m I.400m I.1880m 
I, 14940m 
FH: Favourable Horizon 
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Fig. 1.8: Cross sections 1 to 6 through the Thalanga sequence showing the drill hole 
coverage in the down-dip dimension. 
The down-dip extent of the section vanes substantially, depending on the 
availability of deep drill holes. N orthings on sections refers to the mine grid; 1 OOO 
RL (surface) equals 330 m above sea level. Tick marks on drill holes are 50 m apart. 
Massive sulphides are shown in black. Thick, dashed lines are D3 faults. Thin line 
represents the stratigraphic contact between MWF and TCP; the Favourable 
Horizon containing the massive sulphides is included in the MWF. 
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lithological contacts might have been missed. Notwithstanding these limitations the drill 
hole data have allowed detailed examination of the lithological diversity, facies 
architecture and alteration zonation in the Thalanga sequence. 
1.5.2 Facies analysis and alteration logging 
The different lithofacies present in the Thalanga sequence have been identified and 
characterised in order to correlate units between drill holes, interpret their mode of 
emplacement and develop a general facies model for the volcanological evolution of the 
Tualanga area. This part of the project was primarily based on observations of hand 
specimen and thin section textures and contact relationships. The descriptive terminology 
proposed by McPhie et al. (1993, p. 9 and 10) has been applied in naming the lithofacies. 
Several types of rhyolites and dacites have been identified by 'phenocryst logging' 
(systematic recording of the mineralogy, abundance and size range ofphenocrysts). 
Identification of primary lithofacies was particularly challenging in the footwall 
alteration zone below the massive sulphides. Alteration commonly imparted an apparent 
elastic textures onto the altered footwall rhyolite and specific textural criteria have been 
developed in order to distinguish coherent rhyolite facies with pseudoclastic textures 
from genuine volcaniclastic facies (Chapter 5). 
The mineralogy, abundance and distribution of non-primary minerals (including 
alteration minerals and metamorphic equivalents of alteration minerals) was 
systematically recorded during drill core examination (graphic logs of drill holes in the 
Appendix). These alteration logs and observational data from thin sections of variably 
altered rocks in the Thalanga sequence provided the basis for the definition of different 
types of alteration referred to as 'alteration facies' (Chapter 7). 
1.5.3 Geochemical analyses 
About 180 samples were selected for geochemical analyses including altered and least-
altered examples of different types of rhyolite and dacite identified in the Thalanga 
sequence. These were analysed for major and trace elements by XRF analyses and ICP-
MS. A sub-set of the samples was selected for REE analysis. The methods applied for 
23 
sample preparation and measurement procedures are detailed in the Appendix together 
with the tabulated data. The data reveal the geochemicaJ effects of hydrothermal alteration 
in the footwall alteration zone and show that several elements, including Ti and Zr were 
immobile (Chapters 6 and 8). 
Several samples containing garnet-bearing mineral assemblages, which are scarce in 
the Thalanga sequence, were analysed by electron microprobe analysis in order to 
constrain the peak conditions of metamorphism in the Thalanga area using 
thermobarometric calculations (Chapter 4). Furthermore, changes in the mineral chemistry 
of muscovite, chlorite and biotite were examined in a series of samples o:( altered footwall 
rhyolite from one drill hole in West Thalanga (TH247, section 2) (Chapter 8). The data 
and a description of analytical procedures are documented in the Appendix. 
1.6 Thesis outline 
This thesis is organised in a series of chapters which deal with specific aspects of this 
study. The general features of the various lithofacies present in the Thalanga sequence 
and the textural and mineralogical effects of alteration are introduced in Chapter 2. 
The conditions of regional and contact metamorphism in the Thalanga area are 
constrained using evidence from metamorphic mineral assemblages, metamorphic textures 
and thermobarometrjc calculations based on microprobe data from garnet bearing samples 
< 
(Chapters 3 and 4). Chapter 4 also includes a detailed discussion of the mineral chemistry 
of muscovite, chlorite, biotite and garnet at Thalanga. 
The volcanic facies architecture of the Thalanga sequence is reconstructed in 
Chapter 5 which includes a detailed assessment of volcanic facies interpretation in the 
footwall alteration zone and the use of phenocryst logging as a tool for discriminating 
different types of volcanics. 
The geochemical data are presented in Chapter 6 which is predominantly concerned 
with the characteristics of the primary geochemistry of Thalanga volcanics and possible 
petrogenetic implications. 
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Chapter 7 deals with the various styles and mineralogy of alteration at Thalanga and 
ten different alteration facies are defined on the basis of textural and mineralogical features 
and general intensity of alteration. The geochemical effects of alteration in the footwall 
rhyolite and hangingwall dacite are examined in detail in Chapter 8. Chapter 9 provides a 
detailed discussion of the results of facies analysis and the examination of alteration at 
Thalanga and includes a comparison with other VHMS deposits. The conclusions of this 
research project are summarised in the final chapter of this thesis (Chapter .10). 
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2 The Thalanga sequence - Introduction to lithofacies and 
alteration 
In this chapter, the principal geological features of the Thalanga sequence are described 
with emphasis on the main lithofacies in the footwall, Favourable Horizon and 
hangingwall including the principal styles of alteration. In the following chapters, 
particular aspects of this research project (metamorphism, volcanic facies analysis, 
alteration and geochemistry) will be addressed in the context of this framework. 
2.1 Footwall 
The footwall to the Tbalanga deposit consists of a success10n of rhyolitic lavas, 
resedimented monomictic rhyolite breccia and minor syn-volcanic intrusions Timging in 
~ 
thickness between ~550 m in the outcrop section to ~ 1 OOO m below the massive 
sulphides. Several different types of rhyolite can be distinguished based on consistent 
differences in quartz and feldspar phenocrysts (Chapter 5). Cohere~t and volcaniclastic 
facies of footwall rhyolite are readily distinguishable in least-altered successions which 
have not been affected by hydrothermal alteration such as the outcrop section (Fig. 2. la, 
b; Fig. 5.5). In contrast, facies recognition is difficult in the footwall alteration zone below 
the massive sulphides because primary volcanic textures have been greatly modified by 
hydrothermal alteration (Fig. 2.1 c, d). This zone underlying the Thalanga deposit is 
laterally continuous and extends for more than 300 m into the footwall (Fig. 2.2). It is 
texturally and rnineralogically diverse and includes various mineral assemblages indicating 
silicic, pyritic, phyllosilicate-dominated and calcareous alteration. Accordingly, several 
alteration facies have been defined on the basis of dominant mineral assemblages and 
alteration intensity (Chapter 7). The lateral contacts of the footwall alteration zone are 
gradational over several tens of metres and generally characterised by increasing 
abundances of muscovite, chlorite and biotite, destruction of feldspar phenocrysts and 
occurrences of disseminated pyrite. 
The bulk of the footwall alteration zone is represented by phy llosilicate-rich, 
feldspar-destructive alteration which is accompanied by disseminated pyrite. The 
abundance and relative proportions of muscovite, chlorite, biotite and quartz typically 
vary on hand specimen scale, giving rise to the characteristic mottled appearance of this 
alteration facies and widespread apparent elastic textures in the footwall alteration zone 
(Fig. 2.lc). Allen (1988) described similar textures in hydrothermally altered, coherent 
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Fig. 2.1: Examples of primary and secondary textures of footwall rhyolite and textures of 
massive and semi-massive sulphides. 
(a) Least-altered, quartz-feldspar-phyric, coherent rhyolite with an evenly porphyritic 
texture (sample TH247-74.50, section 2; see Fig. 7.Sb for sample location). 
Selective staining of the sample with sodium cobaltinitrate shows that many 
feldspar phenocrysts are K-rich and that K-feldspar is also abundant in the 
quartzofeldspathic groundmass. 
(b) Monornictic rhyolite breccia in the outcrop section is poorly sorted, clast- to 
matrix-supported and clasts may be locally arranged in a jig-saw fit manner. These 
textures and gradational contacts with coherent facies support the interpretation 
that this facies represents in situ and resedimented, syn-eruptive autoclastic breccia 
(lens cap is 5 cm in diameter). 
(c) Coherent rhyolite with apparent elastic textures ~ common below the Thalanga 
deposit, This rock shows evenly distributed quartz phenocrysts and is interpreted 
as coherent facies of rhyolite lava which experienced domainal or multi-stage 
hydrothermal alteration leading to the developme1tt of muscovite-rich and chlorite-
rich groundmass domains. Such rocks are common in the footwall alteration zone 
and may be easily mistaken as volcaniclastic facies. The textural criteria applied to 
distinguish 'apparent' and genuine volcaniclastic facies are discussed in detail in 
Chapter 5 (sample TH410-169.90). ' 
I ( d) Intensely altered rhyolite immediately below the ore body, showing quartz- and 
pyrite-rich alteration. Quartz phenocrysts are the o:hly preserved original feature in 
such intensely altered rhyolite (sample TH394-454.80). 
( e) Typical massive sulphide ore from Central Thalanga with coarsely recrystallised, 
dark red-brown sphalerite locally containing bands of pyrite (sample CT-91-45, 
UTas catalogue num"Qer 133306, sample courtesy of Anthea Hill). 
(f) Typical banded massive sulphide ore from Central Thalanga with alternating 
sphalerite and pyrite-rich layers. The banding of sphalerite and pyrite defines the 
S2 foliation which developed as a result of D2 regional deformation (sample THI, 
,UTas catalogue number 133314, sample courtesy of Anthea Hill). 
(g) Semi-massive sulphides with a gangue assemblage of carbonate-chlorite-tremolite 
from West Thalanga. The textures of such rocks provide evidence that the 
sulphides replaced of pre-existing carbonate-rich assemblages (Hill, 1996) (sample 
TH139A-298.3, UTas catalogue number 133442, scale is 1 cm, sample courtesy of 
Anthea Hill). 
(h) Semi-massive sulphides overprinting coarse quartz crystal-rich volcaniclastic facies 
(QEV) from East Thalanga (sample TH401-103.7). 
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facies of rhyolitic lavas, domes, and cryptodomes in the footwall to the Benambra VHMS 
I 
deposits and presented textural criteria for distinguishing coherent facies with 
superimposed pseudoclastic textures from genuine elastic facies. These textural criteri_a 
have been developed and adapted to solve the problem of distinguishing coherent from 
elastic facies in the rhyolitic footwall alteration zone at Thalanga (Chapter 5). 
The mottled alteration facies envelopes discordant zones of intense quartz- and 
pyrite-rich alteration which also occupy stratiform zones of up to -50 m thickness 
located directly below the massive sulphides (Fig. 2.ld; 2.2). The discordant zones of 
intense quartz-pyrite alteration intersect the Favourable Horizon at a low angle (20° to 
50°) and are generally connected to the ore lenses. The cause and significance of this 
orientation is enigmatic, however, by comparison of the volcanic facies interpretation 
with the alteration facies allowed assessment of the degree to which hydrothermal fluid 
flow was controlled by primary permeability contrasts between elastic and coherent 
e 
facies in the footwall rhyolite (Chapter 5, 7 and 9). 
I 
2.2 Favourable Horizon 
The massive sulphide-~earing Favourable Horizon at Thalanga ranges between <1 to 50 m 
in thickness and consi~ts of a laterally variable lithofacies association. The contact with 
the underlying footwal~ rhyolite is typically gradational or obscured due to intense 
alteration. 
In the mine area, the Favourable Horizon comprises variable assemblages of: 
• Massive or banded sulphides (pyrite-sphalerite-galena ±chalcopyri te ±magnetite 
±pyrrhotite) (Fig. 2.1 e, f); 
• Semi-massive, disseminated to patchy sulphides (dominantly sphalerite, galena and 
chalcopyrite) in a gangue of carbonate-tremolite-chlorite (Fig. 2.lg) or distinctive 
quartz crystal-rich volcaniclastic units (Fig. 2.lh); 
• Sulphide-poor carbonate-tremolite-chlorite rocks which are almost exclusive to West 
Thalanga (section 2); these rocks were formerly regarded as exhalites (Gregory et al., 
1990), however, recent research has shown that they represent metamorphosed, 
intensely chlorite-carbonate altered footwall rhyolite (Herrmann, 1994); 
• Massive to semi-massive barite, usually -with some disseminated sulphides and 
quartz-barite rocks (especially common in the up-dip fringes of West Thalanga and 
the Vomacka ore lenses) (Fig. 2.3a, Fig. 1.5); 
• Minor silica-ironstones, mainly in the distal or upper fringes of ore lenses and also to 
the west of the mine (Fig. 2.3b); 
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Fig. 2.2: Schematic representation offacies o:ganisation in the Thalanga area. 
A more detailed model for the volcanological evolution of the Thalanga sequence 
based on volcanic facies analysis is presented in Chapter 5 (Fig. 5.6). Coarsely 
quartz-feldspar-phyric rhyolite represents the 'Quartz-Eye Porphyry' facies of 
Hill (1996) and is referred to as rhyolite type 4 in Chapter 5. 
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• Massive or laminated mudstone; some beds are graded with quartz-feldspar crystal-
rich, sandy bases; 
• Coarse, massive to thickly-bedded quartz crystal-rich volcaniclastic mass-flow units 
(Quartz-Eye Volcaniclastics; Hill, 1996, Fig. 2.3c) which are locally mineralised 
(Fig. 2. lh); 
s Unaltered to weakly altered, coherent, coarsely quartz-feldspar-phyric rhyolite sills 
(Fig. 2.3d). 
2.3 Hangingwall 
The hangingwall to the Thalanga ,deposit (>300 m stratigraphic thickness) is dominated 
by weakly altered, variably feldspar-phyric dacite lavas and intrusions but also contains 
diverse monomictic and polymictic volcaniclastic breccia and mudstone-dominated 
~ 
sedimentary facies, minor andesite intrusions, and rare, coarsely quartz-feldspar-phyric 
rhyolite. There are substantial and systematic changes in the composition and facies 
I 
arrangement of the hangingwall along strike. Different types of dacite, which can be 
distinguished based on differences in phenocryst populations and immobile element 
ratios, are dominant in East, Central and West Thalanga and the prop01iion of 
I 
se~imentary facies increases to the west of the deposit (Fig. 2.2, Fig. 5.5). In the mine 
area, massive sulphides are typically directly overlain by texturally unaltered to weakly 
altered feldspar-phyric to aphyric coherent dacite. 
In Central and West Thalanga, the hangingwall includes andesite sills ( 1 0 to 3 0 m 
thick) and in section 1 a coherent, coarsely quartz-feldspar-phyric rhyolite of uncertain 
emplacement mode occurs ~150 m stratigraphically above the Favourable Horizon (Fig. 
2.2). Monomictic and polymictic breccias of mostly dacitic derivation vary in 
composition and abundance along strike (Fig. 2.3e, Fig. 5.5). Sedimentary facies 
dominated by massive to laminated mudstone interbedded with feldspar crystal-bearing 
turbidites, are an important component of the hangingwall to the west of the mine area 
and in section 1 (Fig. 2.3f). 
Alteration in the hangingwall is substantially weaker than in the footwall alteration 
zone and feldspar phenocrysts are generally preserved. Sulphides are absent except for 
rare occurrences in dacite immediately above the ore lenses (eg. TH 10 section 3, 
Appendix). Coherent facies of the hangingwall dacite commonly shows weak alteration in 
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Fig. 2.3: Examples of lithofacies in the Favourable Horizon and the hangingwall to the 
Thalanga deposit. 
(a) Close-up of massive quartz-barite sample from Central Thalanga These rocks 
occur locally on the fringes of the Thalanga deposit (sample TH5-165.5, scale is 1 
cm). 
(b) Silica-ironstones occur on the fringes of the massive sulphide deposit and locally 
within the Favourable Horizon along the Thalanga Range (sample THRW20). 
(c) Quartz and feldspar crystal-rich volcaniclastic sandstone from the Favourable 
Horizon. This facies has been locally overprinted by semi-massive sulphides 
indicating that sub-seafloor replacement process~s were important during 
mineralisation (Fig. 2.lh) (samfde TH401-101.10). 
(d) Coarsely quartz- and feldspar-phyric rhyolite sills occur within the Favourable 
Horizon in East Thalanga (sample E3212SI18-45, UTas catalogue number 133423, 
scale is 1 cm, sample courtesy bf Anthea Hill). 
I (e) Polymictic breccia from the hangingwall in Central Thalanga. This facies contains 
two different types of dacite clasts (grey, moderately feldspar-phyric dacite type 2 
and white-pinkish, poorly feldspar-phyric dacite type 1) set in a foliated, 
phyllosilicate-rich matrix (sample TH5-28.0). 
(f) Laminated mudstone from the 1 hangingwall in section 1 to the west of the West 
Thalanga ore lens (sample TH40-44.0). 
(g) Dacite from the hangingwall to the Thalanga deposit showing substantial hematite 
alteration (red colouration) and epidote alteration (green minerals in the 
groundmass). This figure shows an example of poorly-feldspar phyric dacite with 
very fine feldspar phenocrysts ( <1 mm, dacite type 1, Chapter 5). Bulk rock 
geochemistry indicates that this sample did not experience albite alteration since 
values for K 20 and Na20 are within the range expected for unaltered, felsic 
volcanics (K20 = 4.14 wt.%; Na20 = 3.19 wt.%) (sample TH402-321.0, scale bar 
in cm). 
(h) Albite altered, highly feldspar-phyric dacite with abundant, fine feidspar 
phenocrysts (:Sl mm) from the hangingwall (dacite type 3, Chapter 5). Even though 
this dacite sample appears unaltered in hand specimen, the bulk rock geochemical 
analysis clearly indicates that albite alteration has taken place (K20 = 0.11 wt.%; 
Na20 = 7.75 wt.%) (sample TH18-89.70, scale bar in cm). 
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the form of hematite dusting, causing a prominent red colouration of the groundmass, and 
patchy to vein-controlled epidote alteration. These two types of alteration often occur 
together in altered hangingwall dacite (Fig. 2.3g). 
Many texturally unaltered hangingwall dacites experienced substantial Na-
enrichment due to albite alteration which is difficult to recognise in hand specimen 
(Fig. 2.3g). As will be discussed in Chapter 6, hangingwall dacites typically have elevated 
Na20 concentrations (5 to 8 wt.%) whereas their K20 and CaO contents are low 
( <1 wt.%), which, together with petrographic evidence, clearly indicates that albite 
alteration occurred. 
2.4 Summary 
The Thalanga sequence consists of a felsic-lava dominated volcano-sedimentary 
succession which shows significant variations in thickness and lithofacies composition 
along strike. The lithofacies arrangement ih the hangingwall, although dominated by 
variably feldspar-phyric dacites, varies substantially between East, Central and West 
c Thalanga. The Favourable Horizon, which hosts the mas$ive sulphides in the mine area, 
shows marked lithological diversity. It conformably overlies the comparatively 
monotonous rhyolitic footwall which is strongly altered below the Thalanga deposit. 
The extensive footwall alteration zone occupies a broad, laterally continuous area 
below the massive sulphides and is characterised by texturally and mineralogically diverse 
alteration. The bulk of the footwall alteration zone is occupied by phy llosilicate-
dominated, feldspar-destructive alteration which envelopes discordant zones of more 
intense quartz- and pyrite-rich alteration. These discordant zones terminate at the 
Favourable Horizon and are commonly connected to massive sulphides. In contrast, the 
hangingwall dacites, directly overlying massive sulphides, are unaltered to weakly altered. 
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3 Metamorphism of the Thalanga sequence 
I 
This chapter is concerned with the textural and mineralogical effects of metamorphism in 
the Thalanga area Mineral assemblages observed in the various lithofacies are 
documented and discussed in terms of implications for the metamorphic history. The 
likely pre-metamorphic mineralogical compositions of the various rock types in the 
Thalanga sequence and possible metamorphic mineral reactions are inferred. Textural 
evidence is presented in order to demonstrate that metamorphism was isochemical and 
not associated with significant element mobility. 
3.1 Introduction 
3.1.1 Metamorphism in the Mount Windsar Subprovince 
The Cambro-Ordovician, volcano-sedimentary succession of the Mount Windsor 
Subprovince was metamorphosed under Jeenschist facies conditions during regional 
deformation (D2) which was associated with the development of a pervasive cleavage 
(S2) (Middle to Late Ordovician; Berry et al., 1992). Regional isograds defined by 
I 
mapping of metamorphic minerals and mineral assemblages show that the grade of 
I 
regional metamorphism increases from sub-greenschist facies in the east to upper 
greenschist facies in the west of the subprovince (Fig. 3.1). Berry et al. (1992) also 
reported andalusite in samples from the Waddys Mill area (to the west of Thalanga), 
indicating relatively low pressure conditions for the regional metamorphism and 
deformation. Locally, a second stage of metamorphism occurred, associated with the 
emplacement of unfoliated (post-D2) intrusions of the Lolworth-Ravenswood batholith 
(Middle Silurian to Early Devonian; Hutton et al., 1994). In the east, these contact 
metamorphic aureoles consist of hornfels with cordierite, biotite and actinolite 
overgrowing the main tectonic foliation. The effects of contact metamorphism are difficult 
to recognise in the western part of the subprovince due to the higher grade of regional 
·metamorphism. 
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Fig. 3 .1: Regional variations in metamorphic grade in the Mount Windsor Subprnvince. 
Substantial variations in metamorphic grade are evident from mapping of syn-
kll).ematic and post-kinematic isograds in the western (A) and central (B) part of the 
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3.1.2 Metamorphism at Thalanga 
The various lithofacies in the Thalabga area show diverse textural and mineralogical 
features which are inferred to be controlled by _pre-metamorphic compositional 
differences. Coherent facies o.f quartz-feldspar-phyric rhyolite laterally adjacent to the 
footwall alteration zone has a quartzofeldspathic groundmass with minor muscovite ± 
biotite ± chlorite. These rocks show brittle fractures and no cleavage indicating that they 
behaved competently during regional deformation and did not develop the S2 foliation due 
to the paucity of phyllosilicates. Similarly, coherent facies of siliceous, feldspar-phyric 
hangingwall dacite above the Thalanga deposit are also typically unfoliated due to the 
scarcity of phyllosilicates in the quartz- and feldspar-rich groundmass. In contrast, pelitic 
sedimentary facies (phyllite), which is common in the hangingwall, is strongly foliated 
and contains abundant, aligned biotite, muscovite and chlorite, defining the S2 fabric. 
These textural and mineralogical differences are inferred to be due to primary differences 
in mineralogy and competency between coherent facies of unaltered felsic lavas and clay-
rich sediments. 
The Thalanga massive sulphides are underlain by a laterally extensive zone 
occupied by variably altered rhyolite which contains muscovite, biotite, chlorite and 
minor disseminated pyrite (:'.S3 vol.%). Phyllosilicate-rich altered rhyolite is typically 
strongly foliated, indicating that these mineral assemblages equilibrated during regional 
deformation and metamorphism. Pyrite-rich zones, representing intense alteration, occur 
immediately below the massive sulphides in the Favourable Horizon. The lateral contacts 
between altered rhyolite and the surrounding 'unaltered' rhyolite are gradational and 
marked by a gradual increase in the abundance of muscovite, biotite and chlorite, 
successive destruction of feldspar phenocrysts and occurrence of disseminated pyrite. 
The gradational character of lateral contacts and preserved quartz phenocrysts in the 
footwall alteration zone indicate that the rhyolite in the surrounding country rock 
represents the 'unaltered' equivalents to altered rhyolite below the massive sulphides. 
Furthermore, immobile element geochemistry shows that all samples of footwall rhyolite, 
regardless of alteration intensity, have the same Ti/Zr ratio (3.9 ± 0.4; n=l 13, Chapter 6 
and 8). 
Thus, the rhyolite below the massive sulphides was affected by hydrothermal 
alteration associated with mineralisation which caused the formation of various 
35 
phy Ho silicates, the destruction of feldspar and precipitation of pyrite. Rhyolites adjacent 
to the footwall alteration zone was less influenced by hydrothermal activity and 
consequently, the mineralogical composition is dominated by quartz and feldspar, which 
is typical for unaltered felsic volcanics. 
There is no indication of significant hydrothermal alteration in the hangingwall since 
texturally unaltered feldspar is ubiquitous and sulphides are extremely scarce. Therefore, 
hydrothermal alteration associated with massive sulphide mineralisation is inferred to 
have occurred prior to the emplacement of the hangingwall dacite and, hence, long before 
the metamorphism of the Thalanga sequence. This interpretation is supported by 
geochemical data showing that the altered footwall rhyolite experienced various 
compositional changes including Mg-, Fe-, and S-enrichment and Na-depletion. These 
geochemical features are exclusive to the footwall alteration zone and absent in the 
hangingwall dacite and 'unaltered' rhyolite. 
In the following, the term 'least-altered' is used to refer to rocks which are regarded 
as having a mineralogical and geochemical composition which approximates the original 
composition of the fresh volcanic rocks in the Thalanga sequence. This term is preferred 
instead of 'unaltered' because minor compositional modifications could have occurred 
during diagenesis or low-grade seafloor alteration processes (eg. silicification and/or 
mobility of Na and K; Lipman, 1965) which may be difficult to recognise in hand 
specimen, thin section or in the geochemical data. 
It should be noted that calc-silicate minerals (epidote, zoisite, actinolite and 
tremolite) occur locally in the altered footwall rhyolite, hangingwall sedimentary facies 
and in the hangingwall dacite. Furthermore, massive rocks consisting predominantly of 
calcite, tremolite and chlorite are a characteristic lithofacies of the Favourable Horizon in 
West Thalanga (section 2; Figs. 1.5, 5.5 and 7.5 and Appendix) where they typically 
represent the gangue to semi-massive sulphides (Fig. 2. lg). Rare occurrences of massive 
calc-silicate rocks, consisting predominantly of calcite, epidote and actinolite have been 
observed in the hangingwall (section 1 Figs. 1.5, 5.5 and 7.5; logs of drill holes TH37 and 
TH40 in the Appendix). 
At Thalanga, the strong, very steeply dipping regional foliation (S2) is commonly 
defined by aligned biotite-muscovite±chlorite in phyllosilicate-rich rocks such as altered 
rhyolite in the footwall and phyllites in the hangingwall. However, decussate crystals of 
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chlorite and biotite, ·cross cutting the S2 foliation, are common in East Thalanga indicating 
I 
that these minerals recrystallised during contact metamorphism associated with the 
voluminous, post-D2 diorite pluton to the east of the Thalanga deposit. 
3.2 Metamorphic mineral assemblages and textures in different 
lithofades of the Thalanga sequence 
3.2.1 Phyllite 
Phyllite is common in the hangingwall to the west of the Thalanga deposit where a 
mudstone-dominated sedimentary facies occurs (grap~c logs for section 1 and the 
e 
outcrop section, Fig. 5.5 and Appendix). Furthermore, the matrices of many 
volcaniclastic breccia and sandstone units in the hangingwall are also fine-grained and 
phyllosilicate-rich. Both the mudstone facies and matrices consist dominantly of tnJe 
' 
( <50 ·µm), equigranular quartz-muscovite-biotite±chlorite assemblages, with aligned 
phyllosilicate crystals defining the S2 foliation (Fig. 3.2a,b). Locally, phyllites contam 
I 
accessory phases such hornblende, feldspar, actinolite and/or carbonate. In some samples1 
chlorite crystals have an oblique orientation to the S2 foliation (Fig. 3 .2c) which is 
interpreted as evidence that chlorite locally recrystallised during contact metamorphism. 
Rare pelitic hornfels with abundant, largely pseudomorphed, cordierite 
porphyoblasts (1 to 4 cm in diameter) has been observed in the Favourable Horizon in 
East Thalanga (Fig. 3.2d). The extensively pinitised cordierite is interpreted as a product 
of contact metamorphism and occurs with muscovite, phlogopite and quartz. 
Patches and bedding parallel intervals (5 to 20 cm thickness) of quartz-actinolite 
±epidote±chlorite assemblages occur locally within the phyllite in the hangingwall 
(section 1, Fig. 3 .2e ). These intervals contain actinolite sheaves which are slightly 
deformed, possibly indicating late syn-D2 crystal growth (Fig. 3.2f). These domains are 
bibtite-free and may contain minor carbonate, muscovite and/or feldspar and rare 
hornblende-garnet assemblages. 
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Fig. 3.2: Metamorphic textures and mineral assemblages ofphyllites. 
(a) Phyllite in the Thalanga sequence generally consist of foliated biotite, muscovite 
and chlorite in assemblage with fine-grained quartz (sample TH40-37.40, 
hangingwall, PPL, scale bar is 100 µm). 
-(b) Foliated biotite- and chlorite-rich matrix of a phyllitic, volcaniclastic unit containing 
feldspar crystals (f) and siliceous dacite clasts (d). Note that the foliation is 
wrapped around the edge of the siliceous dacite clast indicating a significant 
contrast in competence between the matrix and the clast (sample THS-28.25, 
hangingwall, PPL, scale bar is 500 µm). 
(c) Phyllite ~om Central Thalanga (sectioi;i. 4) with chlorite crystals (c) oriented 
obliquely with respect to the S2 foliation defined be aligned muscovite and biotite. 
This texture indicates that the chlorite recrystallised after D2, probably during 
contact \metamorphism associated with the intrusion of the diorite pluton (sample 
TH38-403.4, hangingwall, PPL, scale bar is 500 µm). 
( d) Hand specimen of pelitic hornfels with abundant, variably pinitised cordierite 
porphy1ioblasts (cd) from the Favourable Horizon in East Thalanga (sample 
E3204Sl)50-57.90;~ 1300 m to the west of the diorite intrusion; scale bar is 1 cm). 
(e) Hand specimen ofphyllite in the hangingwall of Far West Thalanga (section 1) with 
a bedding parallel quartz-actinolite-rich layer. The differences in chemical 
composition between the phyllosilicate-rich layer and the actinolite-rich layer are 
illustrated in Fig. 3.7 (sample TH37-138.50). 
(f) Abundant ,actinolite bundles occur in the quartz-actinolite-rich layer in sample 
TH37-138.50 (Fig. 3.2e). These bundles are slightly sheared and aligned actinolite 
cry$tals define the S2 foliation (PPL, scale bar is 100 µm). 
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Locally, garnet occurs in phy Hite and a prominent example is represented by a 
I 
quartz-free laminae of garnet-biotite-carbonate-muscovite in a sample of compositionally 
layered phyllite (sample TH40-67.0, Fig. 3.3). Several, mineralogically distinctive, thin 
beds and laminae observed in thin section probably correspond to primary compositional 
differences between single layers (Fig. 3.3a to d). Garnets are restricted to a narrow, 
biotite-rich lamina (~1 mm wide) where they form a necklace of aligned, equigranular, 
euhedral crystals (0.7 to 1.3 mm in diameter, Fig. 3.3b). These garnets are interpreted to 
have formed during regional metamorphism because of their euhedral shapes, which 
contrast markedly with anhedral, poikiloblastic garnets in the contact metamorphic 
aureole of the diorite intrusion, and their remoteness from the diorite pluton (Chapter 4). 
Inclusions of muscovite and biotite, which are aligned parallel to the S2 foliation in the 
surrounding matrix, are common in the central parts of these garnets. It is possible that 
the S2 foliation developed very early during regional deformation in incompetent rocks 
e . 
such as phyllosilicate-rich mudstone. The garnets may have begun to crystallise at a 
slightly later stage during D2, overgrowing this foliation. 
\ The gamet.:rich lamina is separated from an amphibole- and epidote-rich domain by 
a ~ 1 cm wide layer which consists of equigranular quartz (± biotite ± carbonate) (Fig. 
,3.3). The amphibole is dark bluish green and intimately intergrown with pleochroic 
Ggreen-pale yellow) chlorite (Fig. 3.3c). An assemblage of epidote-biotite-quartz flanks 
the amphibole-chlorite aggregate. Another distinctive layer in sample TH40-67.0 consists 
ofbiotite and quartz (Fig. 3.3d). 
3.2.2 Hangingwall dacite 
Coherent dacite and dacite clasts in volcaniclastic breccia units in the hangingwall to the 
Thalanga deposit are variably feldspar-phyric (now mainly albite) and generally 
unfoliated. They have a fin~-grained quartzofeldspathic groundmass typically with minor 
biotite ±muscovite ± chlorite commonly forming semi-connected networks (Fig. 3.4a). 
Locally, alkali feldspar phenocrysts are partially replaced by biotite, indicating that 
they were consumed in the biotite-forming metamorphic reaction (Fig. 3.4b). Relatively 
coarse, blocky muscovite occurs locally and may have formed by recrystallisation of fine-
grained white mica (Fig. 3.4c). In relatively phyllosilicate-rich dacite, the S2 foliation is 
defined by biotite which is overgrown by chlorite crystals in some samples in East 
Thalanga (Fig. 3.4d). 
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Fig. 3.3: Texture of garnet-bearing layered phyllite from the hangingwall in section 1 (Far 
West Thalanga, sample TH40-67.0). 
Sample TH40-67.0 consists of thin beds and laminae with strikingly different 
mineralogical composition. This indicates that primary compositional differences 
controlled the development of distinctive metamorphic mineral assemblages. 
(a) Sketch of the thin section of sample TH40.67.0. 
(b) Photomicrograph of laminae consisting of garnet, biotite and minor calcite (quartz 
absent). Note that garnets are organised in a necklace-like manner and are strictly 
exclusive to this lamina (PPL, scale bar is 500 µm). 
(c) A ~2 cm wide layer of fine-grained quartz separates the garnet-rich lamina from a 
domain that consists partly of a quartz-biotite-epidote assemblage and partly of a 
homblende-chlorite-quartz assemblage (PPL, scale bar is 100 µm; e: epidote; a: 
actinolite; c: chlorite ). 
(d) Adjacent to the hornblende-rifh layer is a thin bed that consists of quartz, biotite 
and minor feldspar (f) crystal ~elics (PPL, scale bar is 500 µm). 
a 
layer consisting of fine 
grained quartz, foliated 
biotite and minor feldspar 
crystals (d) 
1 
monomineralic, siliceous layer 
consisting of ;ne grained quartz 
Fig.3.3 
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· Cale-silicate minerals, especially epidote and actinolite, are fairly common in the 
I 
bangingwall dacite. Epidote veins often have a selvedge of disseminated epidote in the 
surrounding quartz-feldspar-rich groundmass (Fig. 3.4e). Epidote also occurs in patchy 
domains and may be associated with biotite, chlorite, carbonate, actinolite and/or 
hornblende. 
Acicular actinolite is locally disseminated in the quartzofeldspathic groundmass of 
coherent dacite, together with chlorite and/or epidote as well as minor carbonate and/or 
biotite (Fig. 3.4f). Locally, actinolite and epidote are partially replacing feldspar 
phenocrysts, indicating that plagioclase breakdown was involved in the actinolite- and 
epidote-forming reaction (Fig. 3.4g, h). 
3.2.3 Footwall rhyolite 
Within the footwall alteration zone, foliated muscovite, chlorite and biotite are ubiquitous 
and commonly accompanied by minor pytite (<l-3 vol.%). They are interpreted to 
represent the metamorphic equivalents ofphyllosilicates formed in the footwall alteration 
zone during the circulation of hydrothermal solutions. Muscovite, biotite and chlorite 
I 
crystals are usually aligned, defining the S2
1 
foliation in the western part of Thalanga, 
whereas decussate textures are common in East Thalanga (Fig. 3.5a, b). 
The abundance of muscovite, chlorite and biotite in the altered footwall rhyolite is 
variable and can be regarded as a relative measure of alte~ation intensity. Feldspar 
phenocrysts are progressively replaced with increasing alteration intensity. In some 
samples, biotite occurs around remnants of alkali feldspar phenocrysts suggesting that 
alkali feldspar was also consumed during the metamorphic biotite-forming reaction (Fig. 
3.5c). Intimate intergrowth of biotite and chlorite is a common feature (Fig. 3.5d). Such 
aggregates may have consisted of interlayered chlorite and muscovite prior to 
metamorphism and biotite may have formed by a reaction involving both precursor 
minerals. This reaction could have proceeded until the muscovite was consumed 
(exhaustion of the alkali metal source). 
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Fig. 3.4: Metamorphic textures and mineral assemblages of dacites. 
(a) Dacites in the hangingwall to the Thalanga deposit are feldspar-phyric (f; now 
mainly albite) and have a siliceous, quartzofeldspathic groundmass. Minor biotite 
within the groundmass forms interconnected, network-like textures (TH 18-13 8. 8 0, 
hangingwall, PPL, scale bar is 500 µm). 
(b) Some hangingwall dacites contain abundant, foliated biotite which is locally 
replacing alkali feldspar phenocrysts (f; sample TH28-60.60, PPL, scale bar is 500 
µm). 
( c) Muscovite is common as a minor, fine interstitial phase in the groundmass of 
hangingwall dacites. Sample TH61-287 shows relatively coarse muscovite (m) with 
biotite aligned in the S2 foliation (PPL, scale bar is 500 µm). 
(d) Locally, hangingwall,dacites contain abundant biotite, muscovite and chlorife which 
are generally aligned parallel to S2 (arrow). In sample TH402-119.20, bio~ites are 
foliated whereas chlorite ( c) crystals have an oblique orientation with respect to the 
foliation. This indicates that chlorite recrystallised during contact metamorphism 
(PPL, scale bar is 500 µm). 
(e) Epidote is common in hangingwall dacite and occurs in veins (v) and disseminated 
(arrow) within the quartzofeldspathic groundmass. Both styles of epidote 
occurrence are present in a hand specimen of sample TH62C-679.50 (scale bar is 1 
cm). 
(f) Acicular actinolite (a) is common in the siliceous groundmass of hangingwall dacites 
in East- Thalanga. Fine, needle-shaped crystals disseminated in the 
quartzofeldspathic groundmass are typic~l (sample TH382A-400; scale bar is 500 
µm; F: feldspar phenocryst). 
(g) Locally, feldspar phenocrysts (f) are partially repl~ced by actinolite (a) and/or 
epidote (e). This indicates that feldspar may have been involved in the actinolite-
forming reaction. Sample TH62C-825.25 of hangingwall dacite also contains 
abundant disseminated epidote (PPL, scale bar is 500 µm). 
(h) Image shown in Fig. 3.4g under crossed nicols. 
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Locally, minor garnets occur within chlorite-rich parts of the altered rhyolite in East 
I 
Thalanga. These include relatively large (up to 5 mm), anhedral, garnet poikiloblasts in an 
assemblage with chlorite, muscovite and quartz within chlorite-rich apparent c~asts of 
domainally altered rhyolite (Fig. 3.5e; Chapter 4 and Fig. 4.2). These domains are 
surrounded by an apparent matrix consisting of quartz, muscovite, bioti te and minor 
chlorite. The preferential occurrences of garnets in the chlorite-rich domains indicates that 
their compositional characteristics favoured garnet crystallisation rather than formation of 
biotite which is common in the apparent matrix. Garnets are absent in altered rhyolite in 
Central and West Thalanga. 
Altered rhyolite with patchy domains of disseminated calc-silicate minerals 
( epidote, zoisite, actinolite and tremolite) occurs locally in the footwall alteration zone. 
This indicates that ~ome altered rhyolites contained carbonate, most likely of 
hydrothermal origin, prior to metamorphism. Assemblages with calc-silicate minerals 
include quartz-epido~e-actinolite±muscovite±chlorite (Fig. 3.5f) and tremolite-quartz-
\ 
epidote (Fig. 3.Sg); iremolite-rich rhyolite close to the Favourable Horizon in West 
Thalanga (section 2, Fig. 1.5) locally grade into massive chlorite-tremolite-carbonate rock 
(Fig. 3.5h). Locally, 1tremolite replaces quartz phenocrysts, indicating that Si02 was 
I 
consumed during the tremolite-forming metamorphic reaction (Fig. 3.5 g, h). 
3.2.4 Massive calc-silicate rocks 
Massive rocks consisting of calcite, dolomite, tremolite, actinolite, epidote, quartz, 
chlorite, biotite and muscovite occur in the Favourable Horizon in West Thalanga 
(sections 1 and 2) and in one horizon overlying a dacite lava dome in the hangingwall 
about 150 m above the Favourable Horizon (section 1, Fig. 1.5 and Fig. 5.5 and 
Appendix). 
Massive carbonate-chlorite-tremolite-rich rocks (CCT rocks) occur in the 
Favourable Horizon of West Thalanga (section 2) (Fig. 3.6a, b). The relative proportions 
of these minerals vary substantially and carbonate (calcite and dolomite )-dominated, 
tremolite-dominated and chlorite-dominated end-members can be distinguished 
(Herrmann, 1994). Minor phases are muscovite, epidote, zoisite, barite, q-uartz, diopside 
(Fig. 3.6c), sphalerite and pyrite. 
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Fig. 3 .5: Metamorphic textures and mineral assemblages o,f altered footwall rhyolite. 
(a) Fine-grained muscovite, biotite and chlorite are ubiquitous in altered footwall 
rhyolite. These minerals are generally aligned parallel to the S2 foliation in western 
parts of Thalanga (sample TH247-169, PPL, scale bar is 100 µm; q: quartz 
phenocryst). 
(b) In contrast to the strongly foliated texture of altered rhyolite, typical for the 
western parts of Thalanga, decussate chlorite and biotite are common in East 
Thalanga. This is most likely an effect of contact metamorphism associated with 
the emplacement of the voluminous diorite pluton to the east of Thalanga (sample 
TH144B-296.85, PPL, scale bar is 500 µm). 
(c) In moderately altered rhyolite, relics of alkali feldspar phenocrysts (f) are often 
partially replaced by biotite. This indicates that feldspar was involved in the biotite 
e 
forming reaction during metamorphism (sample Tif410-312.85, PPL, scale bar is 
100 µm). 
(d) Intimate intergrowth of chlorite (c) and biotite (b~ is commonly observed in the 
groundmass of altered rhyolite (sample TH247-219; PPL, scale bar is 100 µm). 
(e) Large garnets occur locally in domainally altered rhyolite in East Thalanga. These 
garnet occurrences (arrow) are restricted to lensoidal chlorite-rich domains de:finillg 
I 
apparent clasts (AC) which are commonly surrounded by a quartz-muscovite-rich 
I -
apparent matrix (AM) (hand specimen of sample TH394-262.80, section 6, East 
Thalanga; scale bar is 1 cm). 
(f) Assemblages of chlorite (c), epidote (e) and actinolite (a) locally occur in the 
groundmass of weakly altered footwall rhyolite (sample THl 12-404.30, PPL, scale 
bar is 500 µm; q: quartz phenocryst). 
(g) Disseminated epidote ( e) and bundles of tremolite (t) are a prominent features in 
some parts of the footwall alteration zone. The intergrowth of tremolite with 
quartz phenocrysts (arrow) indicates that quartz was consumed by the tremolite-
forming reaction (TH148-569.10, crossed nicols; scale bar is 500 µm). 
(h) Gradational contact from altered, tremolite-bearing rhyolite with preserved quartz 
phenoc1ysts ( q) to massive CCT rock in the Favourable Horizon (West Thalanga, 
section 2). This image shows the contact zone between altered rhyolite and massive 
CCT rock with disseminated sphalerite (s). Note that tremolite crystals (t) are 
intergrown with quartz phenocrysts (arrow) which indicates that quartz was 
consumed by the tremolite-forming reaction (sample TH41A-575.25, PPL, scale 
bar is 500 µm). 
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The CCT rocks lack quartz crystals which are otherwise common in the Favourable 
Horizon. Any relic primary textures have been destroyed by recrystallisation and 
formation of new minerals during metamorphism. Although initially interpreted as 
exhalites (Gregory et al., 1990), detailed geochemical studies indicated that CCT rocks 
probably represent intense alteration of footwall rhyolite (Herrmann, 1994). This 
interpretation is supported by the gradational character of contacts with tremolite-rich 
altered rhyolite that has recognisable quartz phenocrysts (Fig. 3.5h). In section 1, (Fig. 
1.5; drill hole log of TH37, Appendix) minor occurrences of massive calc-silicate rocks in 
the Favourable Horizon consist of calcite-epidote-quartz assemblages (Fig. 3 .6d). 
The massive calc-silicate units in the hangingwall are generally quartz-dominated. 
They consist of quartz-epidote-actinolite or quartz-biotite-epidote-actinolite; additional 
pihases such as calcite, chlorite and/or muscovite occur locally (Fig. 3.6 e-g). Minor 
calcite-rich intervals in this unit consist of calcite-quartz-epidote±chlorite assemblages 
i (Fig. 3.6h). 
I 
The variations in the metamorphic mineral assemblages among calc-silicate rocks in 
' the Thalanga sequence reflect compositional differences that , existed prior to 
I 
metamorphism. The abundance of tremolite in CCT rocks of the Favourable Horizon in 
I 
West Thalanga indicates that these units contained Ca- and Mg-bearing phases (dolomite 
and/or a mixture of calcite and chlorite) prior to metamorphism. 
Cale-silicate rocks with assemblages of quartz-epidote-actinolite±biotite probably 
contained some Ca- and Fe-bearing phases such as calcite and Fe-rich chlorite. If 
carbonate was less abundant than quartz, then most of the carbonate would have been 
consumed in the epidote- and/or actinolite-forming reactions. Massive calc-silicate rocks 
consisting of calcite-epidote-quartz assemblages may have had relatively Fe- and Mg-
poor bulk rock geochemical compositions which precluded the formation of actinolite or 
tremolite during metamorphism. 
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Fig. 3.6: Metamorphic textures and mineral assemblages of massive calc-silicate rocks 
(a) Massive calc-silicate rocks in the Favourable Horizon of section 2 (West Thalanga) 
consist of carbonate (calcite and dolomite), chlorite (c) and tremolite (t) (sample 
TH28-502.85, crossed nicols, scale bar: 500 µm). 
(b) Some massive calc-silicate rocks in the Favourable Horizon of West Thalanga 
consist entirely of radiating, intergrown tremolite crystals (hand specimen of 
sample HPTH-1 from West Thalanga, courtesy ofW. ~errmann). 
( c) Massive calc-silicate rocks from the Favourable Horizon of West Thalanga contain 
rare diopside (d) with tremolite (t) (sample TH245-675.8, PPL, scale bar is 
500 µm). ~ 
(d) Minor occurrences of calc-silicate rocks in the Favourable Horizon of Far West 
Tualanga (section 1) consist of quartz (q), epidote (e) and calcite (sample TH410-
503.10, crossednicols, scalel~aris 500 µm). 
(e) Massive calc-silicate rocks from the hangingwall in Far West Thalanga (section 1) 
are variable in composition: Sample TH37-189.1 (~150 m stratigraphically above 
the Favourable Horizon) consists of quartz, calcite (c), epidote (e) and actinolite (a) 
which represents the most common assemblage (PPL, scale bar is 500 µm). 
(f) Image shown in Fig. 3.6e under crossed nicols. 
(g) Sample TH37-193.0 represents the biotite-rich end-member of the massive calc-
silicate rocks in the hangingwall. It consists of quartz, biotite, calcite, epidote ( e ), 
actinolite (a) and chlorite (c) (PPL, scale bar 500 µm). 
(h) Sample TH37-190.20 represents the carbonate-dominated end-member of massive 
calc-silicate rocks in the hangingwall. It consists of carbonate, chlorite (c), epidote 
(e) and quartz (q) (PPL, scale bar is 500 µm). 
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3.2.5 Massive sulphides 
Following is a brief summary of the observations and interpretations presented by Hill 
(1996) who studied the mineral assemblages and textures of the Thalanga massive 
sulphides in considerable detail. The main sulphide minerals are pyrite, sphalerite, galena 
and chalcopyrite which are locally accompanied by minor tetrahedrite-tennantite, 
magnetite and/or arsenopyrite. Quartz, barite, chlorite, calcite, dolomite, tremolite and 
muscovite are the principal gangue minerals in _the massive sulphide lenses. 
In most parts of the deposit, the massive to banded polymetallic sulphides are 
coarsely recrystallised to crystal aggregates with sharp grain boundaries and triple point 
grain contacts. This indicates that the sulphides were subjected to thermal annealing 
during metamorphism which has overprinted and destroyed any primary sulphide 
textures. However, textures that might have formed during D2 or later deformation events 
are recognisable. 
It is evident that some chalcopyrite, galena and sphalerite were remobilised during 
regional metamorphism and deformation. Piercement structures generated during D2 in 
the competent hangingwall dacites directly overlying massive sulphides, and other 
dilational sites such as tension gashes and boudin necks, are filled with chalcopyrite and 
dark red-brown, Fe-rich sphalerite. Pressure shadows of euhedral pyrite or quartz are 
occupied by remobilised chalcopyrite and galena which also occur along brittle fractures 
in massive pyrite zones. 
Alternating pyrite-rich and sphalerite-rich bands are a common feature of the ore 
and may have formed by isoclinal folding of prjmary massive sulphide bands, diffusive 
mass transfer during metamorphism, or shearing during tectonic deformation. 
The textures observed in the massive sulphides at Thalanga are typical for 
metamorphosed VHMS deposits and have been described in a number of deposits of 
similar metamorphic grade ( eg. Vokes & Craig, 1993). 
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3.3 Discussion 
Facies control on variations in metamorphic mineral assemblages in the Thalanga 
sequence 
In the Thalanga area, textural and mineralogical changes associated with metamorphism 
vary significantly depending on the pre-metamorphic composition of the rocks (Table 
3.1). Siliceous, least-altered rhyolite shows brittle fractures and contains scarce interstitial 
muscovite, chlorite and biotite in a quartzofeldspathic groundmass. Due to the stability of 
quartz-feldspar assemblages under a wide range of P-T conditions, and the paucity of 
phyllosilicates, recrystallisation during metamorphism was largely inhibited and a 
foliation did not develop. Instead, these rocks responded to regional deformation by 
brittle failure. 
In contrast, phyllosilicate-rich altered rhyolite has a groundmass containing variable 
proportions of muscovite, biotite and chlorite which are commonly foliated. The 
differences in mineralogy and texture between altered and least-altered rhyolite are 
interpreted to reflect the compositional changes in the footwall alteration zone during 
hydrothermal activity prior to metamorphism. 
Metamorphic mineral assemblages in the quartzofeldspathic groundmass of the 
hangingwall dacite vary among biotite-, actinolite- and epidote-dominated end-members. 
These minerals commonly represent <10 vol.% of the rock and feldspar phenocrysts are 
typically texturally unaltered. Differences in bulk rock composition among the 
hangingwall dacites may be responsible for variations in metamorphic mineral 
assemblages and it may be inferred that epidote and/or actinolite crystallised in dacites 
which experieilced some carbonate alteration prior to metamorphism whereas bfoti"i.e 
formed in dacites which were relatively Ca-poor. 
Phyllites in the hangingwall consist of foliated assemblages of quartz-muscovite-
biotite±chlorite. However, layers of strikingly different mineralogy (mainly quartz and 
actinolite) occur locally within this facies and indicate that some layers contained 
substantial amounts of carbonate prior to metamorphism. 
Evidence for isochemical metamorphism 
The contrasting mineral assemblages and textures in phyllites, massive calc-silicate rocks, 
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haiigingwall dacites, least-altered rhyolites and altered rhyolites indicate that the 
I ' 
development of metamorphic mineral assemblages was controlled by the pre-existing local 
rock composition. Recombination of chemical components to form new, metamorphic 
mineral assemblages occurred on a mm- to cm-scale and did not transgress pre-existing 
boundaries between compositionally different rock domains. Textural observations that 
lend support to this interpretation include: 
• exclusive occurrence of large, poikiloblastic garnets m chlorite-rich domains of 
domainally altered rhyolite in East Thalanga; 
• development of strikingly different metamorphic mineral assemblages on a cm- to 
mm-scale in compositionally layered phyllites (sample TH40-67.0; Fig. 3.3); and 
• occurrences of discrete, bedding parallel intervals (3 - 20 cm) consisting of quartz-
actinolite±epidote assemblages witlfin the mudstone-dominated facies in the 
hangingwall. 
These textural observations indica~ that pre-metamorphic variations of local bulk 
rock composition controlled the crystallisation of particular metamorphic mineral 
assemblages and that regional and contact metamorphic recrystallisation was isochemical 
in the Thalanga area. Sedimentation processes produced compositionally different beds 
I 
within the sedimentary succession and domainal or multi-stage hydrotherm~ alteration 
processes generated mineralogical and compositional heterogeneity in the footwall 
rhyolite. 
The geochemical differences between an actinolite-rich interval and the directly 
adjacent phyllite in sample TH37-138.50 were determined by XRF analyses. The data 
show that the actinolite-rich interval contains ~3 times more CaO and substantially less 
K20 than the adjacent phyllite (Fig. 3.7). Furthermore, the concentrations of Ba and Rb, 
which are commonly substituted into micas replacing K, are also relatively low in the 
actinolite-rich interval. Since all other chemical components have similar concentrations in 
both domains, variations in CaO and K20 must have controlled the crystallisation of 
actinolite rather than biotite in some intervals within mudstone-dominated sedimentary 
facies in the hangingwall. These geochemical variations may be due to dif:ferences in the 
abundances and relative proportions of clay minerals, quartz and calcite in the pre-
metamorphic precursors of these sedimentary beds. 
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Fig. 3.7: Comparison of the geochemical composition of pelitic phyllite and an 
intercalated actinolite-rich interval. 
The composition of an actinolite-rich interval and the adjacent pelitic phyllite was 
determined by X-Ray Fluorescence (XRF) analyses using splits of sample TH37-
138.50 (Fig. 3.2e). Comparison of the concentrations of major elements and 
selected trace elements show that the phyllosilicate-rich part of the sample is 
enriched in potassium and trace elements that substitute for potassium in micas (Ba 
and Rb) whereas the actinolite-rich interval is substantially enriched in calcium. All 
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Possible metamorphic reactions and likely precursor mineral assemblages 
Muscovite, chlorite and biotite are abund,ant in the altered rhyolite and interpreted to 
represent the metamorphic equivalents of phyllosilicate minerals formed during 
hydrothermal alteration associated with mineralisation (Table, 3.1). Hydrothermally 
altered rocks associated with modern massive sulphide deposits on the seafloor contain 
abundant clay minerals (typically smectite and illite) and chlorite (eg. Goodfellow et al., 
1993; Ridley et al., 1994; Turner et al., 1993; Honnorez et al., 1998). These phases can be 
intimately intergrown and mixed-layer minerals with smectite-illite or chlorite-smectite 
composition have been documented (Alt & Jiang, 1991). Hydrothermal K-rich white mica 
has been reported from altered felsic volcanics in the Manus Basin (Binns & Scott, 1993) 
and the Okinawa Trough (Halbach et al., 1993) and in basalts below the TAG 
hydrothermal field (Honnorez et al., 1998). 
It is inferred that hydrothermal phyllosilicates in the Thalanga footwall included 
Mg- and K- bearing phases which were unstable under the P-T conditions of greenschist 
facies metamorphism. Re-equilibration was achieved by metamorphic reactions which 
included the formation of new, metamorphic phases. Biotite is interpreted to have formed 
exclusively during metamorphism because P-T conditions of alteration in VHMS 
environments are too low for biotite crystallisation (<<1 kbar and ::S350 °C) and it is not 
known to occur in hydrothermally altered rocks associated with modem seafloor massive 
sulphide deposits. Furthermore, biotite is rare in least-altered rhyolite where it occurs as 
small grains within the quartzofeldspathic groundmass and therefore it can be concluded 
that biotite was not a primary phenocryst phase in footwall rhyolite. 
It is possible that muscovite and chlorite originally formed during hydrothermal 
alteration at Thalanga and that re-equilibration of these minerals during metamorphism 
was achieved by recrystallisation and cation exchange reactions. The biotite-forming 
reaction probably involved muscovite and chlorite and textural evidence (Fig. 3.Sc) also 
suggests that feldspar phenocrysts were consumed during biotite crystallisation 
(K-feldspar + chlorite => biotite). 
Least-altered rhyolite outside of the footwall alteration zone has a groundmass 
consisting of quartz and feldspar with minor interstitial muscovite, biotite and chlorite. 
These phyllosilicates may represent the metamorphic equivalents of minor clay minerals 
formed during interaction of cold seawater and the groundmass of the rhyolite which 
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probably consisted of glassy and devitrified domains. 
Metamorphic assemblages including calc-silicate minerals ( epidote, zoisite, 
tremolite and actinolite) occur throughout the sequence. However, variations in their 
abundance and relative proportions are substantial, ranging from minor disseminated 
epidote in the quartzofeldspathic groundmass of siliceous dacite or rhyolite to massive 
calc-silicate rocks. It is imp01iant to note that tremolite, which is locally disseminated in 
the altered footwall rhyolite, has not been observed in the hangingwall. Instead, epidote 
and actinolite are the principal calc-silicate minerals in the hangingwall dacite and 
hangingwall sedimentary facies. This indicates that the foot.vall rhyolite, which originally 
contained very little magnesium and calcium (composition of least-altered rhyolite, 
Chapter 6, Table 6.1) locally became substantially enriched in these elements during 
hydrothermal alteration. In contrast, occurrences of actinolite- and/or epidote-bearing 
assemblages indicate high Fe/(Fe +Mg) ratios for the bulk rock composition of some 
hangingwall lithologies. The presence of feldspar-actinolite-chlorite assemblages in the 
hangingwall dacite indicates that actinolite may have formed by dewatering reactions 
during metamorphism involving minor pre-metamorphic chlorite (plagioclase + Fe-rich 
chlorite => albite + actinolite + H20). 
Disseminated epidote is common and locally abundant in the hangingwall dacite and 
minor occurrences have been observed in the footwall rhyolite. Epidote veins are present 
in the footwall, hangingwall and occasionally within apophyses of the diorite pluton in 
East Thalanga (section 6; Chapter 7, Fig. 7.7 and Appendix). Epidote group minerals are 
stable under a wide range of condition (Deer et al., 1992) and the origin of epidote at 
Thalanga is uncertain. ~n general, sub-seafloor metamorphism is inferred to be the main 
process of epidote formation in basalt-dominated ophiolite sequences where rocks 
consisting entirely of epidote (epidosites) are common (Schiffman et al., 1990). In this 
case, the circulation of seawater through oceanic crust is the cause of epidote- formation. 
Mafic volcanics contain significant Ca and Fe in pyroxene, amphibole and plagioclase and 
these minerals are readily altered due to hydration. In contrast, felsic volcanics contain 
little original Ca and Fe and crystallisation of epidote requires addition of these 
components from a hydrothermal fluid. Therefore, it could be argued that epidote at 
Thalanga may have a hydrothermal origin. However, it is also possible that epidote 
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formed during regional and/or contact metamorphism at Thalanga by metamorphic 
reactions involving hydrothermal carbonate and chlorite. 
The mineral assemblages observed in the phyllites are largely metamorphic and 
most likely equivalent to original components such as fine-grained clays, volcanic ash 
(including glass and crystal :fragments) and possibly biogenic particles. The occurrences <?f 
thin actinolite-rich beds imply that significant carbonate accumulated locally. 
Massive CCT rocks in the Favourable Horizon of West Thalanga have been 
interpreted to represent intensely altered footwall rhyolite, based mainly on geochemical 
evidence (Herrmann, 1994). In some altered rhyolite tremolite has replaced quartz 
phenocrysts (Fig. 3 .5 g, h), so the absence of quartz phenocrysts in CCT rocks could be 
related to Si02 consumption during the tremolite-forming reaction. It is inferred that CCT 
rocks contained substantial hydrothermal dolomite and/or a mixture of calcite and chlorite 
prior to metamorphism and that all the original quartz in the altered rhyolite was 
consumed during metamorphic mineral reactions. 
Table 3.1: Metamorphic mineral assemblages in various lithofacies of the Thalanga sequence and inferred precursor compositions 
lithofacies mineral assemblages inferred composition prior to metamorphism 
least-altered • quartz-feldspar with minor muscovite±biotite(±chlorite) weakly altered rhyolite; muscovite, chlorite and biotite 
rhyolite formed by reaction involving ?diagenetic 
'• phyllosilicates 
altered rhyolite • quartz-muscovite±feldspar variably altered footwall rhyolite with hydrothermal 
• quartz-muscovite-biotite±feldspar phyllosilicates, carbonates and sulphide minerals 
• quartz-muscovite-biotite-chlorite±pyrite(rare large garnet) biotite, garnet, tremolite and actinolite crystallised during 
• quartz-pyrite-muscovite±biotite 
metamorphism; muscovite, chlorite and epidote may 
have formed during alteration or metamorphism 
• chlorite-pyrite-muscovite-quartz (rare garnet) 
• muscovite-epidote-quartz±actinolite±biotite±chlorite±carbonate 
• quartz-epidote-actinolite±muscovite(±chlorite±carbonate±biotite) 
• tremolite-quartz-epidote ±muscovit~±carbonate±chlorite±sphalerite \ 
dacite • quartz-feldspar-biotite-chlorite±sercite (±carbonate±zoisite±garnet) weakly altered dacite (?sub-seafloor metamorphism) with 
• quartz-feldspar-epidote±biotite±chlorite±carbonate±actinolite variable proportions of phyllosilicates (?clays) and 
• quartz-feldspar-actinolite±chlorite±epidote±carbonate 
carbonate (and ?epidote) 
phyllite • quartz-muscovite-biotite±chlorite(±carbonate±zoisite) sedimentary material including phyllosilicates and 
• quartz-biotite±epidote±chlorite(±actinolite±carbonate) volcanic glass ± feldspar and quartz crystal fragments; 
• quartz-actinolite±epidote±chlorite(±carbonate) rock intervals with calc-silicates may have formed from 
- ---
a precursor which contained carbonate -
• (rare: garnet-biotite-carbonate; garnet-hornblende-quartz(chlorite- ,ai 
b1ot1te); cordierite-biotite-chlorite-muscovite) 
massive calc- • quartz-epidote±biotite±actinolite±carbonate±chlorite±muscovite chemical facies of variable composition, abundant 
silicate rocks 
• carbonate-quartz-epidote±chlorite±tremolite±zoisite±biotite±sericte tremolite-rich rocks in the Favourable Horizon in West 
• carbonate-tremolite-chlorite 
Thalanga suggest Ca-rich precursor with a high XMg 
tremolite±carbonate±muscovite±quartz±chlorite±epidote±sphalerite (dolomite and/or calcite-chlorite-rich); massive, • calcareous, epidote-rich rocks in Far West Thalanga (±diopside) (section 1, Favourable Horizon and hangingwall) 




The Thalanga sequence was affected by regional and contact metamorphism which 
substantially modified the original mineralogy and texture of altered footwall rhyolite, 
sedimentary facies and calc-silicate rocks. The least-altered footwall rhyolite and 
hangingwall dacite show only minor features attributable to changes during 
metamorphism due to the dominance of quartz and feldspar in these rocks and competent 
behaviour during regional deformation. 
Regional deformation during D2 imparted a steeply dipping cleavage (S2) on 
phyllosilicate-rich rocks in the Thalanga seqµence, such as sedimentary facies in the 
hangingwall and altered rhyolite in the footwall. The abundance of biotite crystals 
defining the S2 foliation indicates that deformation took place under upper greenschist 
facies conditions. 
The emplacement of a voluminous, post-D2 diorite pluton, which cross cuts the 
stratigraphic sequence to the east of the Thalanga deposit, was associated with contact 
metamorphism. Textural features attributable to contact metamorphism, such as 
decussate chlorite and biotite crystals and occurrences of large (up to 5 mm), anhedral 
garnet poikiloblasts in chlorite-rich domains of altered rhyolite, are restricted to East 
Thalanga. 
Certain metamorphic minerals and mineral assemblages are restricted to particular 
rock types or compositionally distinctive domains within altered rhyolite or sedimentary 
facies. This indicates that differences in pre-metamorphic compositions controlled the 
development of metamorphic mineral assemblages and that isocher1lical metamorphic 
equilibration occurred on a mm- to cm-scale. 
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4 Mineral chemistry and constraints on the P-T conditions of 
I 
regional and contact metamorphism 
In this chapter microprobe analyses of muscovite, biotite, chlorite and garnet from 
different lithofacies in the Thalanga sequence are presented and compositional variations 
are discussed in detail. Gamet-bearing assemblages were analysed from the contact zone 
with the diorite pluton, altered rhyolite in East Thalanga and dacite breccia and layered 
phyllite from the hangingwall in Far West Thalanga (section 1). Compositional data from 
garnet-biotite and garnet-chlorite assemblages in these samples have been used to 
constrain the conditions of regional and contact metamorphism. , 
4.1 Regional and contact metamorphic garnet-bearing assemblages in 
the Thalanga sequence ~ 
Gamet-bearing assemblages are important because they provide an opportunity to 
estimate the temperature conditions during metamorphism using compositional I data 
I 
obtained by microprobe analysis (eg. Ferry & Spear, 1978). In general, garnet crysta1's are 
rare at Thalanga, however, they occur locally in chlorite-rich domains in the footwall 
rhyolite in East Thalanga and in biotite-rich domains in the hangingwall sedimentary 
I 
facies in -Far West Thalanga Garnet porphyroblasts are comparatively abundant 
I 
(~10 vol.%) in a 1.5 m wide contact zone with the voluminous diorite pluton east of the 
Thalanga deposit which was intersected by drill hole TH4 71. 
In East Thalanga, domainally altered footwall rhyolite occasionally contain large (up 
to 5 mm), anhedral garnets with abundant quartz inclusions. A gradual increase in the 
abundance of garnets '(from <0.1 vol.% to ~1 vol.%) can be observed approaching the 
contact with the diorite pluton in TH471 which clearly indicates that they crystallised 
during contact metamorphism. The anhedral morphologies of garnet poikiloblasts and the 
abundance of groundmass inclusions indicate that the duration of conditions suitable for 
garnet growth may have been short, preventing the development of euhedral crystals. 
This is consistent with conditions expected for a short-lived thermal anomaly associated 
with the intrusion of magma. 
Relatively small (up to ~1 nun), euhedral garnet porphyroblasts occur locally in 
sedimentary and volcaniclastic facies in the hangingwall of section 1 ( ~ 3 .5 km to the west 
of the diorite pluton). Mineral assemblages include garnet-biotite-chlorite-quartz and 
garnet-biotite-calcite-muscovite. These garnets are interpreted to have formed during 
regional metamorphism because of their association with foliated biotite, the remoteness 
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Fig. 4.1: Location of samples selected for microprobe analyses from the Thalanga 
sequence. 
Gamet-bearing samples (Gl to G6) were analysed from Far West Thalanga (section 
1), East Thalanga (sections' and 6) and from the contact metamorphic aureole of the 
diorite pluton. The compositions of muscovite, chlorite and biotite were determined 
in least-altered to intensely altered rhyolite sampled in drill hole TH24 7 
(12 samples, section 2). Least-altered rhyolite in the outcrop section contains minor 
muscovite, biotite and chlorite which were analysed in two samples. 
"T1 (Q' 
. 




1:'f: garnet-biotite bearing samples 
i:f: garnet-chlorite bearing samples 
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from the diorite pluton, and their euhedral shapes. The euhedral shapes of these garnet 
I 
crystals indicate that elevated P-T conditions prevailed for a significant period of time 
which is consistent with circumstances expected for regional metamorphism. 
Six garnet-bearing samples from various stratigraphic and along-strike positions 
within the Thalanga sequence were selected to determine the peak conditions of regional 
and contact metamorphism (Fig. 4.1; Table 4.1). The compositions of garnet, biotite, 
chlorite and muscovite were determined in the contact zone with the diorite pluton 
(sample Gl, TH471-159.50, Fig. 4.2a-c) and in garnet-bearing rhyolite at -30 m from the 
contact (sample G2, TH471-104, Fig. 4.2d). In addition, the composition of 
poikiloblastic garnet in a paragenesis with chlorite and muscovite from section 6 (sample 
G3, TH394-262.80, Fig. 4.2e; ~1200 m to the west of the intrusion) was determined. 
These data were used to estimate the temperature conditions of contact metamorphism. 
Tiny euhedral garnets (<0.3 mm in diameter) occur in ~hlorite-pyrite-rich footwall 
rhyolite in East Thalanga (section 5, sample G4, TH85A-384, Fig. 4.2f). It is uncertain if 
these crystals formed during regional or contact metamorphism. Euhedral garnet 
porphyroblasts in compositionally layered phyllite (sampl~ G5, TH40-67.0, Fig. 4.2g) 
' 
and in a dacite breccia (sample G6, TH62C-142, Fig. 4.2h) from the hangingwall in Far 
West Thalanga (section 1) are inferred to have equilibrated :with the surrounding biotite 
during regional metamorphism. 
4.2 Mineral chemistry 
Compositional data were obtained for mineral assemblages in the 6 garnet-bearing samples 
(Table 4.1; Fig. 4.2). Furthermore, chlorite, biotite and muscovite were analysed in 
12 samples from one diamond drill hole in West Thalanga (section 2; TH247) and two 
samples of least-altered rhyolite from the outcrop section (Fig. 4.1). The compositions of 
calcite and tremolite were detennined in an intensely altered rhyolite sampled close to the 
Favourable Horizon in West Thalanga (sample TH247-361.30). Epidote, amphibole and 
minor calcite were analysed in one sample of layered phy llite from the hangingwall 
(sample G5). 
Microprobe analyses of garnet-bearing samples were performed with a Camebax 
Microbeam instrument at the Zentrallabor filr Elektronenmikroskopie (Technische 
Universitat Berlin, Germany). Samples from TH247 and the outcrop section were 
analysed at the Central Science Laboratory (CSL, University of Tasmania, Hobart, 
Australia). The analytical results and conditions of measurements are given in the 
Appendix. In the following, the data are presented and interpreted with an emphasis on 
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Fig. 4.2: Textures of garnet-bearing assemblages in the Thalanga sequence. 
(a) A garnet hornfels occupies the immediate contact zone with the diorite pluton. 
(hand specimen of sample Gl [TH471-159.50], -0.3 m from the contact; scale bar 
is I cm). 
(b) Abundant, euhedral garnets occur in a biotite-muscovite-quartz-rich groundmass of 
a garnet hornfels at the contact zone with the diorite pluton (sample G 1, PPL, scale 
bar is 500 µm). 
( c) Relatively large garnets in the contact zone with the diorite pluton' contain 
inclusions of muscovite, biotite and quartz. An inclusion of intergrown biotite and 
chlorite occurs in one garnet (arrow). This assemblage could represents a relic of the 
groundmass that existed prior to peak metamorphism. Chlorite is absent from the 
groundmass of the hornfels and chlorite was possibly consumed during the gamet-
forming reaction (sample Gl, PPL, scale bar is 100 µm). 
(d) Altered rhyolite sampled at -30 m from the diorite pluton contains minor 
poikiloblastic garnets with abundant inclusions (quartz, feldspar, muscovite, 
biotite) and anhedral, ragged crystal shapes (sample G2 [TH471-104], PPL, scale 
bar is 500 µm). 
( e) Large garnet poikilo blasts with chlorite and muscovite occur in domainally altered 
footwall rhyolite in East Thalanga (section 6, sample G3 [TH394-262.80], 
section 6; scale bar is 500 µm; image of hand specimen in Fig. 3.5e). 
(f) Rarely, small garnet crystals (g) occur in chlorite-pyrite-rich rhyolite m East 
Thalanga (section 5, sample G4 [TH85A-384], PPL, scale bar is 500 µm). 
(g) Garnet crystals occur locally in the layered phyllite in the hangingwall of Far West 
Thalanga (section 1). In sample GS (TH40-67.0) a necklace of garnet crystals 
occurs in one specific lamina with biotite and calcite whereas quartz is absent (Fig. 
3.3; PPL, scale bar 500 µm). 
(h) Siliceous dacite clasts in monomictic breccia units in the hangingwall of Far West 
Thalanga (section 1) generally contain minor biotite (±chlorite) which forms 
interconnected networks. Locally, euhedral garnet crystals occur in biotite-rich 
domains (sample G6 [TH62C-142], PPL, scale bar is 500 µm). 
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Table 4.1: Summary of petrographic characteristics of garnet-bearing samples from the Thalanga sequence 
gt-bearing sample location distance rock type assemblage garnets (shape, size, sample description 
sample name from diorite inclusions) 
G1 TH471- proximal to 0.5m .. garnet gt-bio-mus euhedral, 150 µm to Dark brown, pelitic hornfels with abundant garnet porphyroblasts. 159.50 hornfels diorite (diorite 1400 µm, abundant qtz, Groundmass consists of light brown biotite, muscovite, quartz, 
pluton contact zone) mus, bio, (chi), plagioclase and opaque minerals. 
(opaque) inclusions 
G2 TH471- proximal to 30m altered gt-bio-chl-mus anhedral, 1800 µm to Altered rhyolite with minor, large garnet poikiloblasts. Groundmass 104 diorite rhyolite 2200 µm, poikilitic: consists of variable proportions of biotite, chlorite, muscovite and quartz. 
pluton abundant qtz, mus and 
opaque inclusions 
G3 TH394- East -1200 m domainally gt-chl-mus anhedral, 4000 µm, Domainally altered rhyolite with chlorite-rich domains (apparent clasts or 262.80 Thalanga altered poikilitic: abundant qtz 'blotches') and quartz-muscovite-rich domains (apparent matrix; cf. Fig. 
(section 6) rhyolite and mus inclusions 3.5e). Scare, large, garnet poikiloblasts are restricted to chlorite-rich 
domains. Biotite is present only in the surrounding chlorite-poor domain 
associated with muscovite, quartz and minor chlorite. 
G4 TH BSA East -1600 m chlorite- gt-chl-mus euhedral or fractured, Chlorite-and pyrite-rich, altered rhyolite with small garnets. Garnets occur 
-384 Thalanga pyrite-rich 160 - 220 µm, inclusion- with chlorite, muscovite, quartz and pyrite. Biotite is absent. Formation of 
(section 5) rhyolite free garnet instead of biotite may have been favoured by high bulk rock 
concentrations of Fe, Mn, and Al and low K concentration (FeO = 
18.7 wt.%; MnO = 0.33 wt.%; AIP3 = 14.7 wt.%; Nap= 0.09 wt.%; ~O = 
1.0 wt.%; KP/Al2Q3 = 0.07; XRF analysis; cf. Appendix). 
G5 TH40- Far West -3500 m layered gt-bio-cc euhedral, 900 to 1300 Layered phyllite consisting of several texturally and mineralogically 67.0 Thalanga phyll1te µm, foliated mus ± bio distinctive layers (Fig. 3.3). Garnets are restricted to a narrow lamina 
(section 1) inclusions in central (-1 mm wide) of foliated, dark brown-green biotite ± calcite forming a 
parts necklace of aligned, equigranular, euhedral crystals (Fig. 3.3b, Fig. 
4.2 g). Other distinctive laminae consist of hornblende-chlorite, epidote-
chlorite-quartz, quartz (± biotite ±carbonate) and biotite-quartz. 
G6 TH62C Far West -3500 m dacite gt-bio-chl euhedral, 820 µm, Monomictic breccia with abundant, siliceous dacite clast. 
-142 Thalanga breccia minor qtz inclusions An interconnected, irregular network of brown to olive-green biotite ± 
(section 1) chlorite occurs in the quartzofeldspathic groundmass of dacite clasts. 
Rare garnet is surrounded by biotite crystal aggregates. 
Abbreviations: bio: biotite, cc: calcite, chi: chlorite, gt: garnet 
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illustrating variations in mineral composition. Systematic changes in the composition of 
I 
cblorite and biotite, which correlate with distance from the mineralised Favourable 
Horizon in West Thalanga, are discussed in Chapter 8. 
4.2.1 Muscovite 
The basic structural components of mica are composite sheets in which a layer of 
octahedrally coordinated cations is sandwiched between two identical layers of linked 
(Si, Al)04 tetrahedra. Muscovite is a di-octahedral white mica with Al3+ being the 
dominant cation in the octahedral position. The large, 12-fold coordinated site between 
the sheets is mainly occupied by K+ cations. 
The ideal chemical composition of muscovite can be expressed as: 
e 
In this ideal muscovite, Al3+ is the only cation in the octahedral sites and charge balance 
constraints demand that one octahedral position for every two Al[6] is vacant. However, 
substantial compositional variations are \common in natural muscovites and the principal 
isomorphous replacements are as follows: 
For K (X-position): Na, Rb, Ba 
For Al[6] (Y-position): Mg, Fe2+, Fe3+, Mn, Li, Cr, Ti, V 
For OH: F. 
Furthermore, (Si~2) in the tetrahedral position can vary to (Si7Al) (Deer et al., 1992). 
Substitution of Na for K leads toward the composition of paragonite. The name phengite 
describes muscovite with some Mg and Fe cations in octahedral sites which were 
incorporated into the crystal structure by· a coupled substitution of (Mg, Fe2+)[6], Si[4] 
~ Al[4], Al[6] (Tschermak's exchange). 
Muscovites were analysed in samples of altered footwall rhyolite, least-altered 
rhyolite and in the garnet-rich diorite contact zone and data were normalised using 22 
oxygens as the basis for formula calculation. The majority of the analysed muscovites 
have Si[4]:Al[4] ratios greater than 3 : 1 and show some substitution of Mg and Fe for Al 
in octahedral sites. Deviation from the ideal muscovite composition is als<> indicated by 
the number of cations in the octahedral Y-position which is generally higher than in the 
ideal formula (range 4.02 to 4.38). Because of the small grain size_ of the muscovite 
crystals (commonly <10 µm) some analyses may be affected by contamination due to 
overlap with other minerals. In particular, analyses with high Mg and Fe concentrations 
are possibly due to contamination by adjacent (or underlying) chlorite or biotite crystals. 
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Fig. 4.3: Variation diagrams illustrating the compositional diversity of muscovite at 
Thalanga. 
(a) Na [pfu] vs. K [pfu] 
(b) Ba+ Ti [pfu] vs. vacancies in the X-position [pfu] 
(c) F [:Pfu] vs. Fe [pfu] 
(d) Fe [pfu] vs. Mg [pfu] 
(e) Si [pfu] vs. Mg+ Fe [pfu] 
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The data show that K is the dominant cation in the X position and Na values are 
low and variable. Muscovites in least-altered rhyolite have <0.05 Na pfu (per formula 
unit) whereas muscovites in altered rhyolite have a wider range in Na content (0 to 0.22 
pfu; Fig. 4.3a). The occupation of the X position in the muscovites is generally 
incomplete and up to 0.5 sites in the X-position may be vacant (Fig. 4.3b). Such 
vacancies can be related to the substitution of Ti4+ or Ba.2+ but the concentrations of these 
elements are low and there is no correlation between the amount of these cations and the 
number of vacant X-sites (Fig 4.3b). Alternatively, the site vacancies may be related to 
the substitution of trivalent Fe or a hydromuscovite component (K+ <=> H30+). 
Fluorine contents of muscovites in altered and least-altered rhyolite were measured 
for samples analysed at the CSL. There is a significant spread in the data showing that the 
muscovites contain up to 0.25 pfu of F (Fig. 4.3c) which could be incorporated into 
muscovite by a simple OH-<:::::> F- substitution. The range of F concentrations in samples 
of altered rhyolite is only slightly larger than in least-altered rhyolite. 
The amount of Mg and Fe2+ cations varies substantially and unsystematically (Fig. 
4.3d). Muscovites in least-altered rhyolites have a narrow range of Mg contents (0.28 to 
0.4 pfu) but variable Fe2+ contents (0.24 to 0.64 pfu). Muscovites from the diorite 
contact zone are fairly homogeneous and lower in their Fe2+ and Mg contents than 
muscovites in least-altered rhyolite. Muscovites of altered rhyolite show a relatively large 
compositional variability (0.1 to 0.6 pfu for Mg; 0.05 to 0.4 for Fe2+ pfu). The manganese 
concentration in muscovites is generally <0.1 wt.% and <<0.1 pfu. 
The substitution of divalent cations into muscovite can be balanced by replacement -
of two Al[6] with three (Mg, Fe2+)[6] or by Tschermak's exchange. A positive 
correlation between the number of Mg + F e2+ and Si cations should exist if the 
introduction of (Mg,Fe2+)[6] was coupled with an exchange of Si for Al in the tetrahedral 
position. Howe"'.er, the Thalanga data set shows that this is not the case (Fig. 4.3e). In 
contrast, a plot of (Mg+ Fe2l[6] versus Al[6] shows that the increase of divalent cations 
is correlated with a decrease in Al[6] (Fig. 4.3f). The slope of the correlation trend (0.666) 
is consistent with the interpretation that three (Mg, Fe2+)[6] were introduced into the 
muscovite structure for every two Al3+[6], thereby filling vacant octahedral sites. 
However, a similar trend could be expected if the data represent partially mixed analyses 
of muscovite and adjacent biotite or chlorite grains, which, given the small size of 
muscovite cryst~ls, is the more likely interpretation. 
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4.2.2 Biotite 
The structure of biotite is similar to that of muscovite except that the octahedral sites are 
completely filled by divalent cations; therefore biotite can be described as a tri-octahedral 
mica. The ideal chemical composition of biotite, representing a solid solution of annite 
and phlogopite, can be expressed as: 
However, in natural biotite there is appreciable substitution of Al for (Mg, Fe) in 
octahedral sites balanced by Al for Si in tetrahedral sites (Tschermak' s exchange). Other 
common substitutions are: 
For K (X-position): Na, Ca, Ba, Rb 
For octahedral sites (Y-position): Mn, Ti, Fe3+, Li 
For OH: F 
At Thalanga, biotite was analysed in samples of least-altered rhyolite, altered 
rhyolite, the garnet-rich diorite contact zone, dacite breccia and layered phyllite. 
Calculations of chemical formulae were performed on the basis of 22 oxygens. l 
' 
The X-position in biotites from Thalanga is occupied by 1.7 to 2 K pfu (Fig. 4.4a) 
leaving :::; 0.3 sites vacant. The· biotite is sodium-poor containing less than 0.05 Na pfu. 
Vacancies in the X-position can result from incorporating Ti4+ into the biotite structure 
but Fig. 4.4a shows no trend to support this interpretation. Biotite in altered rhyolite is 
relatively Ti-poor (:50.12 Ti pfu) whereas biotite from all other lithofacies commonly 
contains slightly more Ti (commonly ~0.2 pfu). 
Fluorine concentrations of biotite in samples of altered and least-altered rhyolite 
show a large spread. Contents of F < 0.2 pfu are restricted to least-altered rhyolite (Fig. 
4.4b) whereas one intensely altered, quartz-pyrite-rich rhyolite contains biotite with 1.5 
to 1.8 F pfu (detection limit: 0.3 wt.%, 0.2 pfu) which may be classified as fluoro-
phlogopite. Biotites in other samples of altered rhyolite range between 0.2 and 1 F pfu, 
largely overlapping with biotites of least-altered rhyolite. There is a general .negative 
correlation between fluorine and iron which is in agreement with the F-Fe avoidance rule 
(Munoz, 1984). Chlorine concentrations in biotites are close to or below the detection 
limit (0.05 wt.%). 
The octahedral positions in biotite are mainly occupied by variable proportions of 
iron and magnesium. Biotite in dacite breccia from the hangingwall is Fe-rich (close to 4 
Fe pfu) whereas samples of altered rhyolite contain Mg-rich biotite (up to 5 Mg pfu) 
(Fig. 4.4c). Least-altered rhyolite contains biotite with about equal proportions of Fe and 
Mg. Biotite in altered rhyolite show a wide range in relative proportions of Fe and Mg. 
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Fig. 4.4: Variation diagrams illustrating the compositional diversity ofbiotite at Thalanga. 
(a) Ti [pfu] vs. K [pfu] 
(b) F [pfu] vs. Fe [pfu] 
(c) Fe [pfu] vs. Mg [pfu] 
(d) Al[6] [pfu] vs. Mg+ Fe+ Mn [pfu] 
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The tightly constrained negative correlation between the abundance of Fe and Mg cations 
I 
indicates a simple substitution of Mg[6] {:::} Fe2+[6]. However, the total of these cations 
in the Y-position is less than the ideal munber of 6 (even if Mn cations are included which 
are generally :::;O. l pfu) and some of these positions are occupied by Al[6]. 
There is a substantial amount of Al in octahedral coordination in the biotites, 
ranging from. 0.4 to 0.9 pfu (Fig. 4.4d). The well constrained negative correlation between 
Al[6] and (Mg+Fe2++Mn)[6] has a slope of -0.666, suggesting that octahedral Al was 
substituted into the biotite structure by replacement of two Al[6] for three 
(Mg+Fe2+ +Mn)[6]. This substitution would introduce one vacant site in the Y-position 
for every 2 Al[ 6] in order to maintain the overall charge balance. Therefore, a plot of 
Al[6] versus the number of vacant sites in the Y-position should show a positive trend 
with a slope of -2. However, such a trend is not apparent (Fig. 4.4e) and all analysed 
biotites contain a higher amount of Al[6] than expected if all Al[6] was introduced by 
~ 
simple replacement of divalent octahedral cations. This indicates that Al[6] replacement 
was also influenced by some other substitution or that the additional Al 1s due to 
contamination of the analyses by fine-grained m.uscovite. 
4.2.3 Chlorite 
Comm.on chlorite consists of talc-like layers (with linked tetrahedral-octahedral-
1 
tetrahedral sheets) which are separated by brucite-like sheets with cations in octahedral 
coordination. The corn.position m.ay be represented in a structural formula such as: 
(Mg, Fe2+, Fe3+, Mn, Al)12[(Si, Al)s020](0H)16· 
In the octahedral position (Y-position), divalent cations may also include Ni and Zn 
and some Cr may replace Fe3+ or Al. In general, chlorite has a total of ~ 12 octahedral 
cations per formula unit, however in some cases this number is :Sl 0 due to extensive 
replacement of three (Y2l[6] for two Al3+[6] and one site vacancy (Y2 +[6] =divalent . 
cation in octahedral !'1ite ). 
Chlorite analyses from least-altered rhyolite, altered rhyolite, the diorite contact 
zone, dacite breccia and layered phyllite were recalculated on the basis of 2 8 oxygens. All 
chlorites contain close to 12 cations pfu in the octahedral position which is characteristic 
for tri-octahedral chlorites. They contain significant Al (total number of Al cations 





Fig. 4.5: Variation diagrams illustrating the compositional diversity of chlorite at 
Thalanga. 
(a) A1[4] [pfu] vs. Al[6] [pfu] 
(b) Al[6] -Al[4] [pfu] vs. vacancies in the Y-position 
(c) Si [pfu] vs. Mg+ Fe+ Mn [pfu] 
(d) Fe [pfu] vs. Mg [pfu] 
(e) Mn [pfu] vs. Mg/(Mg +Fe) 
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There is a positive correlation between Al[4] and Al[6] which suggests that a 
coupled substitution of Al3+ for Si4+ in tetrahedral positions and Al3+ for (Mg, Fe2+) in 
octahedral positions occurred (Fig. 4.5a). However, in most chlorites there is more Al[6] 
than expected if Al occupation of octahedral sites was solely controlled by such a 
coupled substitution of the Tschermak's type. This additional amount of Al[6] may be 
introduced by replacement of divalent cations in the octahedral position. In this case, the 
total number of cations in the octahedral position should decrease systematically, because · 
one site vacancy is generated for every two Al[6] replacing three (Y2+)[6]. The number of 
Al[6] cations not accounted for by Tschermak's exchange can be obtained by subtracting 
the amount of Al[ 4] from the number of Al in octahedral positions. The amount of Al 
cations derived by this operation ranges between 0 and 0.35 and there is a strong positive 
correlation with the number of vacant sites in the Y-position (Fig. 4.5b). The trend has a 
slope of ~2 which is consistent with the interpretation that additional Al cations were 
introduced into the Y position by replacement of divalent cations. If most of the Al[ 6] 
was related to Tschermak's exchange there should be positive correlation between Si[4] 
and the total of divalent cations in the Y-position. However, only a broad positive 
correlation between tetrahedral Si and octahedral (Mg, Fe2+, Mn) exists (Fig. 4.5c). This 
is consistent with the interpretation that the amount of (Mg, Fe2+, Mn)[6] was variably 
reduced due to the substitution: 2Al3+[6] ~ 3 (Mg, Fe2+, Mn)[6]. However, it should be 
noted that similar trends could be expected if some of the analyses were contaminated by 
fine-grained muscovite which would also increase the amount of measured Al relative to 
divalent cations. 
The relative proportions of iron and magnesium cations in chlorite range from 
nearly pure clinochlore (Mg-rich end-member) to chamosite (Fe-rich end-member) with 
Mg/(Mg+Fe) <0.3 (Fig. 4.5d). A tightly constrained linear trend indicates a simple 
replacement of Mg[6] ~ (Fe2l[6]. Dacite breccia in the hangingwall contains the most 
iron-rich chlorite and chlorite in layered phyllite and least-altered rhyolite also contains 
more Fe than Mg pfu (5 - 6 Fe pfu; 3 - 4 Mg pfu). Samples of altered rhyolite contain 
chlorite with a comparatively large range in the proportions of iron and magnesium 
cations (4.5 - 0.5 Fe pfu; 4.5 - 9.5 Mg pfu). 
In general, chlorites from Thalanga contain between 0.1 and 0.2 Mn pfu except for 
Mg-rich chlorites from altered rhyolite which have less than 0.1 Mn pfu (Fig. 4.5f). 
Chlorites with the highest Mg[6] content are virtually Mn-free. The Zn content of 
chlorites was measured in samples of altered and least-altered rhyolite but concentrations 




Garnet is an orthosilicate with tetrahedral, octahedral and 8-fold coordinated sites. The 
chemical composition is usually expressed in molecular proportions of several end-
members. Common end-members include: 
pyrope Mg3AliSi3012 
almandine Fe2+ 3AliSh012 
spessartine Mn3AliSi3012 
grossular Ca3Al2Si3012 
andradite Ca3(Fe3+, Ti)2Si3012 
uvarovite Ca3Cr2Sh012. 
The composition of garnet crystals from Thalanga can be expressed in molecular 
proportions .pf the end-members pyrope (pyr), grossular (gro), almandine (alm) and 
spessartine (spes). Overall, almandine and spessartine are the dominant components with 
combined concentrations ranging between ~60 mol.% and 90 mol.% (Fig. 4.6a, b). 
I 
Garnets from the· immediate contact zone with the diorite pluton (sample G 1) 
probably formed under the highest temperatures reached during contact metamorphism. 
The seven' garnet crystals analysed commonly show a zonation with pyrope 
• I 
concentrations of up to 20 mol.% in the centre (Fig. 4.6a; 4.7a). In all analyses, 
I 
spessartine is the component with the highest concentration (commonly between 45 and 
50 mol.%) followed by almandine (35 to 40 mol.%). The grossular component is always 
< 5 mol.%. Spessartine, almandine and grossular concentrations increase in the marginal 
parts of single crystals where pyrope concentrations are relatively low ( ~8 mol. % ). This 
zonation is well developed in relatively large garnets (2:1 mm) but weaker for smaller 
garnets which may have been reset by diffusion during retrogression. However, 
apparently small garnet crystals in thin sections may well represent sections through 
peripheral parts of larger garnets. 
Relatively large anhedral garnet poikiloblasts in altered rhyolite sampled at ~ 30 m 
from the contact with the diorite show weakly developed compositional zoning with 
concentrations of almandine and spessartine close to 45 mol.% and a pyrope content of 
~6 mol.% (sample G2, Fig. 4.7b). 
A garnet poikiloblast with a diameter of ~ mm in sample G3 (East Thalanga, 
section 6, ~ 1200 m to the west of the diorite pluton) shows a symmetric zonation (Fig. 
4.7c). In the inner core, almandine and spessartine have approximately the same 
concentration (~5 mol.%). In an outer core zone, spessartine increases to 48 mol.% 
whereas almandine decreases to 42 mol.%. Approaching the rim, the trend reverses and 
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Fig. 4.6: Composition of garnets in the Thalanga sequence illustrated in ternary diagrams. 
The garnets of the 6 samples analysed (G 1 to G6) consist mainly of spessartine 
and almandine. However, garnets in layered phyllite of the hangingwall contain 
about equal proportions of grossular, spessartine and almandine. The 'core zones of 
garnets in the diorite contact zone contain up to 20 mol. % pyrope. 
(a) Molecular proportions of pyrope, spessartine and almandine in garriets from 
Thalanga. 
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Fig. 4.7: Internal compositional variability of repr~sentative garnet crystals from the 
Thalanga sequence. 
Microprobe analyses show that some garnet crystals are compositionally zoned. 
Abbreviations such as 'gtCl' refer to a particular garnet crystal and analyses 
tabulated in the Appendix are labelled accordingly. 
(a) Composition of euhedral garnet in diorite contact zone (sample Gl) 
(b) Composition of poikiloblastic garnet in altered rhyolite (sample G2) 
(c) Composition of poikiloblastic garnet in domainally altered rhyolite (sample G3) 
(d) Composition of small garnet in chlorite and pyrite-rich altered rhyolite (sample G4) 
(e) Composition of euhedral garnet in layered phyllite (sample GS) 
(f) Composition of euhedral garnet in dacite breccia (sample G6) 
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almandine increases to 48 mol.% whereas spessartine decreases to 42 mol.%. The 
concentrations of grossular and pyrope are constant throughout the crystal (-5 mol.%). 
Small (<0.3 mm) euhedral garnets from a chlorite- and pyrite-rich altered rhyolite in 
East Thalanga (section 5) are unzoned and can be characterised as spessartine-rich 
almandine (average: alm50spes37gro5pyr7, sample 04, Fig. 4.7d). 
Grossular-rich, euhedral garnets in a layered phyllite (sample GS) occur in a lamina 
consisting of biotite and calcite (quartz absent). The high grossular content in the core 
zone of these compositionally zoned crystals (alm37spes20gro40pyr3, Fig. 4.6b; 4.7f) is an 
indication that pre-metamorphic calcite was involved in the garnet-forming reaction. The 
rims of these zoned garnets contain about equal proportions of grossular, spessartine and 
almandine ( alm36spes31gro31PYr2). 
The euhedral garnet in a biotite-rich domain within dacite breccia (sample 06) has 
an average composition of alm6ospes30gro7pyr3. It is homogeneous in composition except 
for a slight increase in spessartine and decrease in almandine content on the outermost 
margin (Fig. 4.7e). 
4.2.5 Amphibole, epidote and calcite 
Sample G5 (f'H40-67. 0) 
Amphibole, epidote and calcite were analysed in sample GS (layered phyllite, section 1) 
(Fig. 3.3). Amphibole crystals with blue-green pleochroic colours occur with Fe-rich 
chlorite and in contact with an epidote-biotite-quartz domain (Fig. 3.3c). They are iron-
rich (Fe/Fe+Mg: 0.7) and show substantial substitution of Al for Si in the tetrahedral 
position. The concentrations of Na+ and K+ (totals of 0.43 to 0.5 pfu) can be accounted 
for by a substitution of Al3+ for Si4+ (ie. Na+[l2], Al3+[4] <=> Si4+[4]). These amphiboles 
are best classified as ferro-hornblende with substantial tschermakite and edenite 
components. Their average composition is: 
(Nao.2s, Ko.19) Ca1 94(Fe2.s9, Mgus, Mno.10, Tio.04, Alo.16) [AlI.s2, Si64S 023] (OH)i. 
Epidote crystals in an epidote-biotite-quartz domain adjacent to the hornblende-
chlorite aggregate (Fig. 3.3c) are homogeneous in composition, with -60 mol.% of one of 
the octahedral sites (M3) occupied by Fe. Minor concentrations of MnO (0.26- 0.31 
wt.%) were also measured. An average formula can be expressed as: 
Ca193Al2(Alo33, Feo 60, Mno.02, Tio.01) Si2 97012(0H). 
Carbonate occurs in one specific lamina in association with foliated, Fe-rich biotite 
and grossular-rich garnet (Fig. 3.3b). It is calcite with minor MnO, FeO and MgO, and the 
composition is: Ca1.90Mgo.01Mno.06Feo.03C03. 
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Sample TH247-361.30 
Tremolite, calcite and chlorite were analysed in sample TH247-361.30 which represents a 
zone of intense calcareous alteration with patchy, ·semi-massive sulphides in West 
Thalanga (section 2). The tremolite has a nearly pure end-member composition, the 
associated chlorite is almost pure clinochlore and the calcite contains > 1.90 Ca pfu. The 
chemical composition of the tremolite can be expressed as: 
Ca2.01 (Mg4 84 Fe2+0.11 Alo.02 Mno.03) [Alo.12 Si 7.88 023] [(OH)i.86 Fo.i4]. 
4.3 Thermobarometry 
Estimates of temperature and pressure conditions during equilibrium crystallisation of 
coexisting minerals can be calculated from compositional data obtained by electron 
microprobe analysis. The principal prerequisites for such calculations are that the 
minerals represent an equilibrium assemblage and that appropriate reaction models have 
been calibrated. 
The ratio in which chemical elements are partitioned between certain minerals can 
be expressed by the distribution coefficient (K0 ). The value of K0 for any given mineral 
reaction is variably dependant on the prevailing pressure and temperature conditions 
during reaction. If the Kn for a mineral reaction is principally temperature-controlled it 
can be potentially used to estimate temperature conditions under which the reaction 
occurred. Likewise, a mineral reaction with a primarily pressure dependant K0 may hold 
potential for application as a geobarometer. Numerous mineral reactions have been 
proposed as thermometers and barometers (eg. Spear, 1993, p. 525). In general, 
calibration of mineral reactions relies strongly on the results of petrological experiments. 
However, thermobarometers have also been calibrated e!-Upirically using mineral 
assemblages in rocks, for which the P-T conditions of equilibration are known from 
independent evidence (eg. Dickenson & Hewitt, 1986). Furthermore, it is possible to 
calculate distribution coefficients of mineral reactions using internally consistent 
thermodynamic data sets. 
4.3.1 The garnet-biotite ion exchange thermometer 
The cation exchange reaction involving Fe and Mg between garnet and biotite (ie. Fe-
garnet + Mg-biotite <=> Mg-garnet + Fe-biotite) is' the basis of garnet-biotite 
thermometry. The Kn of this reaction is strongly temperature dependent and a multitude 
of calibrations of this reaction for application as a geothermometer can be found in the 
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literature (eg. Ferry & Spear, 1978; Perchuk & Lavrent'eva, 1983; Bhattacharya et al., 
1992; Kleemann & Reinhardt, 1994). The temperature dependence of the partitioning of 
Fe and Mg between garnet and biotite was first studied experimentally by Ferry and 
Spear (1978). However, these experiments were performed with pure, synthetic 
almandine-pyrope and annite-phlogopite solid solutions and the calibration of this 
thermometer should not be used for garnets with Xca+Mn >0.2 and biotites with XAI+Ti 
>0.15. Garnet and biotite from Thalanga are outside these limits. In a second major 
experimental study of synthetic and natural starting materials of variable composition, 
Perchuk and Lavrent'eva (1983) developed an alternative calibration. In addition, there 
have been numerous recalibrations of the garnet-biotite thermometer (eg. Bhattacharya et 
al., 1992). There is disagreement over the influence of cations other than Mg and Fe on 
the calibrations and the application of ideal or non-ideal mixing models. 
In a comparative study, Kleemann and Reinhardt (1994) applied 11 published 
garnet-biotite thermometers to the original experimental data of Ferry and Spear (1978) 
and Perchuk and Lavrent'eva (1983). They found substantial discrepancies between the 
calculated and measured temperatures (up to 200 °C). A statistical treatment of the 
calculated temperatures shows that most calibrations fail to reproduce one or both of the 
experimental data sets in a satisfactory manner. Kleemann and Reinhardt (1994) 
concluded that the influence of octahedral Ti and Al in biotite on temperature calculations 
is significant and propose a thermometer based on the activity model for Ca-Mg-Fe-Mn 
garnets of Berman (1990) and a new activity model for biotite. When applied to all 
experimental data, this thermometer had the highest accuracy. 
Because garnets at Thalanga are spessartine-rich and biotites contain significant 
Al[6] it is important to use a calibration of the garnet-biotite thermometer that takes these 
variables into account. Therefore, garnet-biotite thermometry was performed with the 
calibration ofKleemann and Reinhardt (1994). 
4.3.2 The garnet-chlorite ion exchange thermometer 
The exchange of Fe and Mg cations between chlorite and garnet was empirically calibrated 
as a geothermometer using results from garnet-biotite geothermometry. The chlorite-
garnet calibration originally proposed by Dickenson and Hewitt (1986) was modified by 
Laird (1988). This calibration was applied to low pressure facies pelitic schists and the 
results of chlorite-garnet and biotite-garnet geothermometry were found to be in good 
agreement (Holdaway et al., 1988). 
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4.3.3 The garnet-biotite-muscovite-plagioclase barometer 
A garnet-muscovite-biotite-plagioclase barometer was proposed by Ghent and Stout 
(1981) to eriable the calculation of pressure estimates for meta-sedimentary rocks lacking 
an AhSi05 polymorph. The reactions studied were: 
pyrope + grossular + muscovite <=> 3 anorthite + phlogopite and 
almandine + grossular + muscovite <=> 3 anorthite + annite. 
These reactions are pressure sensitive due to the change in Al coordination from 6 to 4 
and the Mg and Fe coordination from 8 to 6. The calculated equilibrium constant 
equations f~r the Mg and Fe end-member equilibria were applied to a variety of na~al 
samples from different metamorphic facies. This calibration provided pressure estimates 
which compared well with pressures estimated from garnet-plagioclase-Al2Si05-quartz 
equilibria. 
A variety of other calibrations of the garnet-muscovite-biotite-plagioclase barometer 
are based on internally consistent thermodynamic data sets and/or empirical calibrations 
against the garnet-plagioclase-Al2Si05-quartz geobarometer (eg. Hoisch, 1990; Powell & 
Holland, 1988; Hodges & Crowley, 1985). 
4.3.4 Results of thermobarometric calculations 
The computer program 'Thermobarometry 2.1' (Spear & Kohn, 1998) was used to 
calculate lines of equal K for a number of mineral assemblages. This program returns the 
calculated temperatures and pressures as a table and plots the respective lines on a P-T 
diagram. The program allows the application of a multitude of calibrated barometers and 
thermometers to one data set. 
Baro me try 
The pressure conditions of regional metamorphism in the Mount Windsor Subprovince 
were previously constrained to :::;3.5 kbar by occurrences of andalusite in pelitic 
sedimentary rocks of the Puddler Creek Formation close to Waddys Mill (8 km to the 
north-west of Thalanga) (Fig. 4.1; Berry et al., 1992; Holdaway, 1971). In the Thalanga 
mine area, neither andalusite nor any other Al2Si05 polymorph have been observed 
possibly reflecting unfavourable bulk rock compositions (ie. more iron and magnesium 
and less aluminium than in true pelites). 
A pressure estimate for contact metamorphic recrystallisation has been calculated 
based on co-existing garnet-muscovite-plagioclase-biotite in the contact zone with the 
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diorite pluton. Garnets in sample G 1 show significant compositional zoning and it is 
inferred that the garnet margins crystallised in equilibrium with the surrounding 
groundmass. Therefore, the composition of a garnet margin was used in the calculation. 
Data for muscovite and biotite are averages (n=25 for biotite; n=3 for muscovite), and one 
plagioclase was analysed in the groundmass. Using a variety of calibrations for this 
barometer, a radiating array oflines of equal K are obtained (Fig. 4.8a). However, the lines 
converge at ~3 to 3.5 kbar and--470 °C where they are intersected by a line of equal K for 
the garnet-biotite thermometer. This indicates that contact metamorphism occurred under 
-relatively low pressure conditions, similar to that of regional metamorphism. 
Thermometry 
In order to estimate the peak temperature conditions of garnet crystallisation during 
contact metamorphism, the garnet core composition with the highest pyrope content was 
selected from sample G 1 ( diorite contact zone). Analyses of 25 groundmass biotites 
show very little compositional variation indicating that diffusion rates within the biotite 
crystals were high enough to allow for complete homogenisation. Peak metamorphic 
temperatures were calculated from the composition of garnet cores and groundmass 
biotite, whereas the composition of a garnet margin was used to estimate the temperature 
when garnet and biotite last equilibrated during the retrogressive stage of contact 
metamorphism. Assuming pressures of 2-4 kbar, the peak metamorphic temperatures can 
be estimated to have been in the order of 750 °C. Temperatures calculated with the 
composition of the garnet crystal margin are in the range of 480 °C (Fig. 4.8b). 
Garnets sampled at a distance of ~30 m from the contact with the diorite pluton 
(sample G2) are fairly homogenous in composition, however the marginal parts show a 
slight enrichment of almandine over spessartine (Fig. 4.7e). The compositions of the 
garnet margin and the garnet core were used for the calculations. Groundmass biotite 
shows very little compositional variability and an average (n=6) was used for the 
calculations. Temperature estimates of 540 °C were obtained using the composition of the 
garnet core and 510 °C using the composition of garnet margin (Fig. 4.9a). 
The large poikiloblastic garnet in sample G3 shows systematic but minor internal 
compositional variation in its spessartine and almandine contents (Fig. 4.7c). It occurs in 
an assemblage with chlorite and muscovite and based on calibrations ()f the Fe-Mg 
exchange between garnet and chlorite, a temperature estimate for their last equilibration 
can be calculated. Using the composition of the garnet rim and an average for the 
groundmass chlorite (n=5), temperatures in the range of 490 to 520°C have been obtained 
by three different calibrations (Fig. 4.lOa). 
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In sample G4, very small, compositionally homogeneous garnet crystals with 
I 
pyrite,·muscovite and chlorite. Using an average for the garnet composition (n=l3) and an 
average for the chlorite in the_ groundmass (n=5), temperature estimates ranging between 
460 and 490 °C have been calculated by three different calibrations (Fig. 4.1 Ob ). 
Garnets in sample GS (layered phyllite) are restricted to one specific lamina where 
they occur with foliated biotite and calcite. The garnets are compositionally zoned 
(Fig. 4.7e) and the composition of the core and the margin were used for garnet-biotite 
thermometry. Biotite is homogeneous in composition and an average (n=lO) was used for 
the calculations. Temperatures of -440 °C were calculated for both garnet compositions 
(Fig. 4.9b). 
In sample G6, an euhedral, almandine-rich garnet occurs in an assemblage with 
biotite and minor chlorite. The garnet shows weak compositional zoning (Fig. 4.7f) and 
analyses from its core and margin were used for the calculations. Groundmass.piotite is 
homogeneous in composition and an average (n=IO) was calculated. The calculated 
temperature estimates are in the range of 480 to 500 °C (Fig. 4.9c). 
4.4 Conditions of regional and contact metamorphism 
Gamet-bearing mineral assemblages are scarce in the Thalanga sequence1 indicating 
that garnet was not a stable metamorphic phase in most of the rocks. This indicates that 
garnet crystallised only locally where the bulk rock geochemical composition was 
favourable. Minor garnet is known to crystallise locally during prograde metamorphism 
before conditions reach the garnet isograd sensu stricto (Yardley, 1989; Spear, 1993) 
because the temperature of garnet forn:ation is significantly reduced in manganese- and/or 
calcium-rich rocks (Spear, 1993, p. 353). This is consistent with the general spessartine-
rich and locally grossular-rich composition of garnets at Thalanga. 
The temperature conditions of regional metamorphism have been constrained by 
garnet-biotite thermometry on samples from the hangingwall in section 1 ( ~3500 ·m west 
of the diorite pluton). The results range between 480 and 500 °C for a sample of dacite 
breccia whereas an estimate of around 440 °C was obtained from grossular-rich garnet in 
layered phyllite (Fig. 4.11 ). 
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Fig. 4.8: Results ofthermobarometric calculations of coexisting mineral assemblages in the 
diorite contact zone. 
For comparison, the stability fields for A12Si05 polymorphs (Holdaway, 1971) are 
shown with grey lines. 
(a) Results of garnet-plagioclase-muscovite-biotite barometry and garnet-biotite 
thermometry using the composition of groundmass biotite, muscovite and 
plagioclase and the composition of garnet margin. 
Keq line 2: garnet-biotite Fe-Mg exchange thermometry (calibration of K.leemann & 
Reinhardt, 1994) 
garnet-plagioclase-muscovite-biotite equilibria barometry: 
e 
Keq line 5: calibration of Ghent and Stout (1981) - Fe end-member 
Keq line 6: calibration of Ghent and Stout (1981)- Mg end-member 
\Keq line 7: calibration of Hodges and Crowley (1985)- Fe end-member 
'Keq line 8: calibration of Powell and Holland (1988) 
, Keq line 10: calibration ofHoisch (1990) - Fe end-member 
1Keq line 11: calibration ofHoisch (1990) - Mg end-member 
(b) Results of garnet-biotite thermometry (calibration of Kleemann & Reinhardt, 1994) 
using the composition of garnet margin, garnet core and groundmass biotite. 
Keq line 1: garnet core - groundmass biotite 
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Fig. 4.9: Results of garnet-biotite thermometry. 
For comparison, the s~ability fields for Al2Si05 polymorphs (Holdaway, 1971) are 
shown with grey lines (calibration ofKleemann & Reinhardt, 1994). 
(a) Sample G2: altered rhyolite sampled at~ 30 m from diorite contact. 
Keq line 1: garnet core - groundmass biotite 
Keq line 2: garnet margin - groundmass biotite 
(b) Sample GS: layered phyllite from the hangingwall (Far West Thalanga, section 1). 
e 
Keq line 1: garnet core - groundmass biotite 0 
Keq line 2: garnet margin - groundmass biotite 
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Fig. 4.10: Results of garnet-chlorite thermometry. 
For comparison, the stability fields for Al2Si05 polymorphs are shown with grey 
lines (Holdaway, 1971). 
(a) Sample G3: domainally altered rhyolite in East Thalanga (section 6). 
garnet margin - groundmass chlorite: 
Keq line 1: modified calibration of Dickenson.and Hewitt (1986) (Laird, 1988) 
Keq line 2: modified calibration of Dickenson and Hewitt (1986) (Laird, 1988) 
with Hodges and Spear (1992) garnet model 
Keq line 3: modified calibration of Dickenson and Hewitt (1986) (Laird, 1988) 
with Berman (199,P) garnet model 
(b) Sample G4: chloritd,- and pyrite-rich altered rhyolite in East Thalanga (section 5). 
garnet - groundmass chlorite: 
Keq line 1: modified calibration of Dickenson and Hewitt (1986) (Laird, 1988) 
Keq line 2: modified calibration of Dickenson and Hewitt (1986) (Laird, 1988) 
with Hodges and Spear (1992) garnet model 
Keq line 3: modified calibration of Dickenson & Hewitt (1986 (Laird, 1988) 
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Very small garnets (<0.3 mm) formed m intensely altered, chlorite-pyrite-rich 
I 
rhyolite (sample G4) under comparable temperature conditions (~480 °C). This suggests 
that these texturally similar garnets crystallised contemporaneously during the peak 
regional metamorphism. It is important to note that garnet-biotite and garnet-chlorite 
thermometry on altered and unaltered rocks in the Thalanga sequence yield comparable 
results. Hence, compositional differences between mineral assemblages generated during 
hydrothermal alteration in the footwall rhyolite and mineral assemblages unrelated to 
hydrothermal activity in the hangingwall did not affect equilibration during 
metamorphism. This is an interesting result since other studies on metamorphosed host 
sequences to VHMS deposits have found that the stability fields of metamorphic mineral 
assemblages in altered rocks and unaltered rocks differed significantly due to substantial 
changes in whole rock composition associated with hydrothermal activity (Zaleski et al., 
1991). 
The rare diopside crystals observed in some CCT rocks in West Thalanga 
(section 2; Fig. 3.6c) may be related to a reaction such as tremolite + calcite+ quartz => 
diopside + C02 + H20 which occurs at temperatures between 450 and 5QO °C at low 
Xco2 and 2 kbar (Slaughter et al., 1975; Fig. 5.8 in Yardley, 1989). These temperatures 
are similar to estimates of the conditions of regional metamorphism. 
Results from barometric calculations based on a garnet-biotite-muscovite-
plagioclase assemblage from the diorite contact zone indicate a pressure of 31 to 3.5 kbar 
for contact metamorphism. These relatively low P conditions are consistent with rare 
occurrences of cordierite porphyroblasts in pelitic hornfels in the Favourable Horizon of 
East Thalanga (Fig. 3.2d). This pressure estimate indicates that no significant uplift 
occurred between regional and ·contact metamorphism. Peak contact metamorphic 
temperatures reached 750 °C in the diorite contact zone (Fig. 4.11) which may reflect the 
temperature of the diorite melt during emplacement. Large poikiloblastic garnet in the 
immediate contact metamorphic aureole (~30 m from the diorite contact) formed at 
temperatures of 510 to 540 °C. Texturally similar garnets in altered rhyolite (sample G3) 
in the footwall of East Thalanga crystallised at slightly lower temperatures (500- to 520 
°C, Fig. 4.11). These results indicate that that the diorite pluton developed a ~1200 m 
wide contact metamorphic aureole which was heated to temperatures of ~500 °C. The 
absence of poikiloblastic garnets in Central and West Thalanga (> 2000 m to the west of 
the intrusion) indicates that temperatures were well below 500 °C during contact 
metamorphism in these areas. 
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Fig. 4.11: Variations in metamorphic temperatures with distance from the diorite pluton. 
Metamorphic temperatures have been calculated from garnet-biotite and gamet-
chlorite assemblages sampled at different localities in the Thalanga mine area. 
Garnet-bearing samples from section 1 (~3500 m to the west of the diorite pluton) 
are interpreted to represent assemblages which formed during regional 
metamorphism. Garnets in the diorite contact zone and the contact metamorphic 
aureole appear to have crystallised at slightly higher temperatures than garnets of 
regional metamorphic origin. 
Fig. 4.12: Conditions of regional and contact metamorphism at Thalanga. 
<;, The thermobarometric results indicate that the Thalanga sequence was 
metamorphosed under middle to upper greenschist grade conditions during regional 
deformation. Contact metamorphism reached slightly higher temperatures than 
, regional metamorphism in East Thalanga. Peak contact metamorphic temperatures 
(~750 °C) were restricted to the diorite contact zone (diagram modified from 
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4.5 Summary 
The Thalanga sequence experienced regional and contact metamorphism under upper 
greenschist facies pressure and temperature conditions. Regional deformation (D2) 
imparted a steeply dipping cleavage (82) on phyllosilicate-rich rocks in the Thalanga 
sequence which is defined by aligned biotite, chlorite and muscovite crystals. The 
compositions of coexisting euhedral garnets and groundmass biotite in sedimentary facies 
in the hangingwall of section I (Far West Thalanga) indicate peak temperatures of 480 to 
500 °C (Fig. 4.12). Pressure conditions during regional metamorphism are constrained to 
::S3.5 kbar by occurrences of andalusite in pelitic sedimentary rocks to the north-west of 
Thalanga (Berry et al., 1992). 
The intrusion of a voluminous, post-D2 diorite pluton, which cross cuts the 
stratigraphic sequence to the east of the Thalanga deposit, was associated with contact 
metamorphism. Large (up to 5 mm), anhedral, garnet poikiloblasts occur locally in altered 
rhyolite within the contact metamorphic aureole. Peak temperatures in the diorite contact 
zone reached -750 °C and a -1200 m wide contact metamorphic aureole with 
temperatures ~500 °C developed in the surrounding country rock. The pressure 
conditions of contact metamorphism have been constrained by calculations based on the 
garnet-biotite-muscovite-plagioclase barometer showing that contact metamorphism 
occurred under low-pressure conditions similar to those for regional metamorphism (-3 to 
3.5 kbar). This indicates that no significant uplift occurred in the time between the 
regional and the contact metamorphic event. 
The calculated temperatures from garnet-biotite and garnet-chlorite assemblages 
show that regional and contact metamorphism at Thalanga was of similar grade 
(Fig. 4.12), however, temperatures in the contact metamorphic aureole slightly exceeded 
the peak temperature of regional metamorphism. 
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5 Facies architecture of the Thalanga sequence 
This chapter describes the facies architecture of the Thalanga sequence and explains the 
textural criteria used to discriminate primary from apparent textures in the footwall 
alteration zone. Facies analysis is based on data given in graphic logs and accompanying 
descriptions of all drill holes logged from sections 1 to 6 during this study (Appendix). 
The various volcanic and sedimentary facies of the Thalanga sequence are described, 
documenting substantial facies variations which were previously unrecognised (Figs. 5 .1 
to 5.4). The principal facies and facies relationships identified on each of the cross 
sections have been summarised by interpretive, true-thickness graphic logs (Fig. 5.5). 
Most of this chapter has been presented as a paper in the Australian Journal of Earth 
Sciences (Paulick & McPhie, 1999; Appendix). 
5.1 Introduction 
The facies architecture of submarine volcanic successions that host massive sulphide ore 
deposits has been the focus of research aimed at characterising environments favourable 
for mineralisation ( eg. Cas, 1992; Allen, 1992; McPhie & Allen, 1992; Allen et al., 1996a, 
1996b ). A critical component of this research is the identification and interpretation of 
primary textures formed during eruption and emplacement but subsequently modified 
during diagenesis, hydrothermal alteration and metamorphism (eg. Allen, 1988, 1992; 
McPhie et al., 1993). Facies interpretation of the Thalanga sequence is difficult because of 
its inherent complexity, strong reliance on drill core observations and additional 
complications introduced by alteration and deformation. 
The reconstruction of the facies architecture of the Thalanga host succession is 
based on textural interpretation and volcanic facies analysis of six drill core cross sections 
in the Thalanga mine area and one outcrop section about 5 km to the west of the ore body 
(Fig. 1.5). The stratiform Thalanga massive sulphide lenses are located on top of rhyolite 
lavas, syn-volcanic intrusions and resedimented breccia units (MWF) and are overlain by 
a dacite-dominated volcano-sedimentary succession (TCF). 
The entire MWF ( ~550 m thick) and a large portion of the TCF are exposed in the 
outcrop section. The thickness of the MWF increases to ~ 1 OOO m in the Thalanga mine 
area (Fig. 1.5). The stratigraphic thickness shown in the drill core cross sections ranges 
from 300 to 700 m and includes the upper~ 150 to 450 m of the footwall (extended using 
outcrop on watertank hill), 5 to 50 m of the Favourable Horizon and ~200 to 250 m of 
the hangingwall. Using textural criteria, coherent and elastic facies have been distinguished 
in altered parts of the footwall. By comparing the geometry of intensely altered zones 
84 
with the distribution of coherent and elastic facies of rhyolite in the footwall, it has been 
possible to assess whether volcanic facies influenced or controlled hydrothermal fluid 
flow. 
Furthermore, it has been possible to distinguish different types of rhyolite and 
dacite based on characteristic phenocryst assemblages. In the hangingwall (TCF), 
different types of locally derived monomictic and polymictic breccia units have been 
recognised based on their clast populations. Sedimentary facies in the hangingwall are 
dominated by black, massive to laminated mudstone and mass-flow emplaced, feldspar 
crystal-bearing turbidites which are characteristic facies of below-wave base subaqueous 
settings. A submarine environment for the Thalanga area is indicated by occurrences of 
graptolite and trilobite fossils described by Henderson (1983) in laterally equivalent 
sequences in the Mount Windsor area (Fig. 1.3a). Variations in the spatial arrangement of 
lithofacies in the Thalanga sequence along strike have been used to constrain the 
palaeotopography and geology of the site of ore formation. 
5.2 Rhyolite and dacite types in the Thalanga sequence 
5.2.1 Petrography of rhyolite and dacite 
Coherent rhyolite and dacite in the Thalanga sequence have an evenly porphyritic texture 
(Figs. 5.1 and 5.2). Coherent rhyolite is variably quartz-feldspar-phyric and, outside of 
the footwall alteration zone, has a quartzofeldspathic groundmass with minor interstitial 
sericite, biotite and rare chlorite. Locally preserved perlitic fractures and spherulites 
indicate that groundmasses were originally partly glassy and partly crystalline (Fig. 5.3a). 
Hang~gwall dacite is feldspar-phyric and commonly unaltered or weakly alter~d, with a 
cryptocrystalline groundmass consisting of quartz and feldspar. Quartz-filled amygdales 
and relic perlitic textures are locally present in the dacite. 
The mineralogy, abundance, size range and relative proportions of phenocrysts m 
felsic lavas have been successfully used for correlating separate emplacement units in 
ancient and modem volcanic successions. De Rosen-Spence et al. (1980) demonstrated 
that separate Archean rhyolite lavas in the Noranda area (Canada) maintained 
characteristic quartz and feldspar phenocryst assemblages over extents up to 10 km. In a 
major study of a Tertiary rhyolitic volcanic field (Taylor Creek Rhyolite), Duffield and 
Dalrymple (1990) identified 20 separate rhyolite domes and lavas based on contact 
relationships and characteristics of the phenocryst populations. 
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At Thalanga, four types of rhyolite and three types of dacite can be distinguished 
based on 1phenocryst logging (systematic recording of mineralogy, size range, abundance 
and distribution of phenocrysts) (Table 5.1; Fig. 5.1). These texturally defined types 
correlate with geochemical subdivisions based immobile element ratios (Chapter 6). The 
footwall in the mine area is dominated by weakly to intensely altered, poorly to 
moderately porphyritic rhyolite type 1 (1-5 vol.% phenocrysts, <1 to 2 mm). Rhyolite 
type 1 contains quartz and feldspar phenocrysts (Fig. 5.la, b) although feldspars are 
progressively replaced by sericite and biotite with increasing intensity of alteration and 
are generally obliterated in zones of moderate to strong alteration. Rhyolite type 2 is 
highly porphyritic with 7-15 ~ol. % quartz and feldspar phenocrysts mainly in the 
1-5 mm size range (Fig. 5.lc, d).It occurs below rhyolite type 1 in East Thalanga and 
West Thalanga and is unaltered to moderately altered. Rhyolite type 3 occurs 
predominantly in the outcrop section. It is unaltered to weakly altered, moderately 
l 
quartz-phjric (5-10 vol.%, 1 to 2 nun) but contains only minor feldspar phenocrysts (<1 
vol.%) (Fig. 5.le, f). Rhyolite type 4 is characterised by abundant, coarse quartz and 
feldspar Jllhenocrysts ( 40-50 vol.%, 3-8 mm) and is common in the Favourable Horizon 
\ 
of East Thalanga (Fig. 5.lg, h). 
Co~sistent differences in feldspar phenocryst size range and abundance allow three 
types of qacite to be distinguished in the hangingwall (Table 5 .1, Fig. 5 .2). Dacite type 1 
is poorly porphyritic (<1 vol.%) with fine (<1 mm) feldspar phenocrysts and locally 
appears aphyric. Dacite type 2 is· moderately porphyritic (1-5 vol.%) with feldspar 
phenocrysts mainly in the 1 to 3 mm size range whereas dacite type 3 is highly 
porphyritic (8-15 vol.%) with fine feldspar phenocrysts (::;1 mm). 
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Fig. 5.1: Macroscopic and microscopic textures of least-altered rhyolite types 1 to 4 
(MWF). 
Scale bar for hand specimens: 5 mm, scale bar for photomicrographs: 1 mm. 
(a) Rhyolite type 1 with -2 % quartz and feldspar phenocrysts (mainly ::Sl mm in 
diameter) (hand specimen of sample TH5-339.0; Central Thalanga). 
(b) Rhyolite type 1 with euhedral quartz and feldspar phenocrysts m a 
microcrystalline groundmass (photorllicrograph of sample THS-339.0, crossed 
nicols). 
a 
(c) Rhyolite type 2 with -10 % quartz and feldspar phenocrysts (mainly 1 to 3 mm in 
diameter) (hand specimen of sample TH412B-674.50; Central Thalanga). 
I 
I 
(d) Rhyolite type 2 with quartz phenoccysts (1 to 2 mm in diameter) and feldspar 
phenocrysts ( <1 mm) in. a fine-grain~ groundmass (photomicrograph of sample 
TH412B-674.50, crossed nicols). 
( e) Rhyolite type 3 with -8 % quartz phenocrysts mainly ::Sl mm in diameter. 
Feldspar phenocrysts are scarce in rhyolite type 3 (hand specimen of sample 
THRW3, outcrop section). 
(f) Rhyolite type 3 with quartz phenocrysts ::Sl mm in diameter (photomicrograph of 
sample THRW3, PPL). 
(g) Rhyolite type 4 with a highly porphyritic texture (----25 % phenocrysts) and coarse 
quartz and feldspar phenocrysts (mainly 2 to 5 'mm in diameter) in a 
microcrystalline groundmass (hand specimen of sample THRW7, outcrop section). 
(h) Rhyolite type 4 with coarse quartz phenocrysts (-4 mm in diameter) and 
sericitised feldspar phenocrysts in a microcrystalline groundmass. Quartz 
phenocrysts show prominent resorption textures (arrow) (photomicrograph of 







Fig. 5.2: Macroscopic and microscopic textures of least-altered dacite types 1 to 3 (TCF). 
Scale bar for hand specimens: 5 mm, scale bar for photomicrographs: 1 mm). 
(a) Dacite type 1 with rare feldspar phenocrysts (<1 mm in diameter) (hand specimen 
of sample TH401-89.40, East Thalanga). 
(b) Dacite type 1 with rare feldspar phenocrysts (-0.2 mm in diameter) in a 
groundmass of quartz, feldspar and biotite. (photomicrograph of sample TH401-
89.40, crossed nicols). 
(c) Dacite type 2 with -5 % feldspar phenocrysts (mainly 1 to 2 mm in diameter) 
(hand specimen o~ sample TH28-304.50, West Thalanga). 
I 
( d) Dacite type 2 wi~ -5% feldspar phenocrysts in a fine-grained, quartzofeldspathic 
groundmass (pho,omicrograph of sample TH28-304.50, crossed nicols). 
(e) Dacite type 3 with -10 % feldspar phenocrysts (mainly <1 mm in diameter) (hand 
specimen sample TH402-102. 70, East Thalanga). 
(f) Dacite type 3 with -10% feldspar phenocrysts (<1 mm in diameter) in a feldspar-





Table 5.1: Rhyolite and dacite types in the Thalanga sequence 
phenocrysts 
type size modal Ti/Zr1> alteration distribution and estimated 
[mm] % dimensions 2> 
rhyolite qtz, fsp3> < 1 - 2 1 - 5 3.9 ± weak to top of MWF in mine area; lava (150-200 type 1 0.4 strong m thick, >1 OOO m wide, >3000 m long), 
(n = 92) minor syn-volcanic intrusions 
rhyolite qtz, fsp mainly 2- 7 -15 4.3 ± moderate MWF; below rhyolite type 1 in mine type2 3 (up 0.5 to area, lava {>250 m thick, >300 m wide, 
to 5) (n =9) unaltered >3000 m 
intrusions 
long), rare syn-volcanic 
rhyolite qtz, (fsp 1 - 2 5 -10 3.9 ± weak to MWF; common in outcrop section, type3 0.4 unaltered several lavas (50-150 m thick), rare 
(n = 12) syn-volcanic intrusions (section 1) 
rhyolite qtz, fsp mainly 40 to Variable weak to MWF: intrusions (~50 m thick); type 44> 
3-8 50 8-16 unaltered Favourable Horizon: intrusions and 
lavas (:5:50 m thick); TCF: 
?intrusion/lava (section 1) 
dacite (fsp) <1 <1 12.4 ± weak to TCF; lava in East Thalanga (100-type 1 0.4 unaltered 150 m thick, > 1 OOO m wide, >500 m 
' (n = 11) long) 
dacite fsp 1-3 1 - 5 11 ± 1 weak to TCF; West and Central Thalanga: type2 (n = 11) unaltered several lavas {:5:50 m thick, >550 m 
wide, ?>1000 m long); Far West and 
outcrop section: domes (150-180 m 
thick, >300 m wide) 
dacite fsp S1 8-15 19±1 weak to TCF; sills (10-50 m thick, >500 m wide, type3 (n = 18) unaltered >500 m long) 
fsp: feldspar; qtz: quartz. 1> Calculated arithmetic means and standard deviation. 2> Based on fac1es 
interpretation of cross sections, width: down dip extent, length: extent along strike. Due to the spacing of 
drill holes and cross sections these estimates may in reality include several emplacement units of the same 
rock type. 3> Feldspar pseudomorphs in weakly altered rhyolite; feldspar phenocrysts are generally 
obliterated in moderately to strongly altered rhyolite. 4> Equivalent to Quartz-Feldspar Porphyry of Hill (1996) 
and Quartz-Eye Porphyry in mine terminology 
5.2.2 Volcanic facies interpretation in the footwall alteration zone 
The footwall alteration zone below the Thalanga massive sulphide deposit has a 
stratabound geometry. The contacts between altered and least-altered rhyolite are 
gradational and marked by changes in the mineralogy, texture and chemical composition of 
the rocks. Specifically, the amount of sericite, chlorite and biotite in the rhyolite 
groundmass increases and feldspar phenocrysts are replaced progressively by sericite and 
biotite. Rhyolite with apparent elastic textures consisting of patchy, wispy to irregular 
quartz-rich and phyllosilicate-rich (sericite, biotite, and chlorite in variable proportions) 
groundmass domains are characteristic of the footwall alteration zone. This style of 
mottled alteration has complicated discrimination of coherent from elastic facies in the 
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· footwall. However, quartz phenocrysts were apparently largely unaffected by alteration 
I 
and are still preserved even in intensely altered footwall rhyolite. Where the primary 
volcanic textures have been most strongly altered, the characteristics of the quartz 
phenocryst population (abundance, size range and distribution) have proven invaluable in 
identification of different facies, emplacement uh.its and rhyolite types. In particular, 
genuine monomictic rhyolite breccia displays marked and consistent differences in quartz 
crystal abundance and/or size range between clasts and matrix (Fig. 5.3b). In contrast, 
coherent facies with apparent elastic textures are in fact evenly porphyritic, with similar 
phenocryst abundances and sizes in apparent matrix and apparent clast domains. 
Furthermore, genuine monomictic rhyolite preccia may show normal grading and may 
contain clasts with internal laminar or banded fabrics in random orientation ( eg. rotated, 
flow laminated clasts; Table 5.2, Fig. 5.3c,d). 
Large parts of the footwall were initially thought to be pyroclastic ( eg. tuffs and 
~ 
lapilli tuffs; Wills, 1985; Gregory et al., 1990) due to the apparent prominence of :fiamme 
and other elastic textures. However, more recent research (Hill, 1996; Paulick, 1997) has 
shown that the apparently elastic textures res~lt from domaillal hydrothermal alteration 
of glassy or partly glassy coherent facies '(Allen, 1988). Prior to alteration, the 
groundmass of felsic lavas and intrusions typically consists of glassy and crystalline (eg. 
spherulitic) domains. During diagenesis, glass1 is readily altered to zeolites, clays or 
feldspar whereas crystalline domains may recrystallise but otherwise remain relatively 
stable. Therefore, the primary distribution of crystalline versus glassy domains strongly 
influences textural and mineralogical changes during the initial stages of hydrothermal 
alteration. Apparent elastic textures defined by phyUosilicate-rich and phyllosilicate-poor 
domains such as those at Thalanga may in some cases represent formerly glassy and 
formerly crystalline domains respectively, within the coherent parts of felsic lavas and 
intrusions. Furthermore, domainal and multi-stage alteration processes may also lead to 
the development of apparent elastic texture in coherent facies with homogeneous primary 
texture (Allen, 1988). 
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Fig. 5.3: Textures of coherent rhyolite and rhyolitic breccia facies from the footwall 
alteration zone (MWF). 
(a) Least-altered rhyolite type 1 with quartz '( q) and feldspar (f) phenocrysts in a 
groundmass with relic perlitic texture (sample TH62C-882.05, Far West Thalanga, 
PPL, scale bar: 500 µm). 
(b) Monom.ictic rhyolite breccia with a poorly porphyritic, siliceous rhyolite clast ( c) 
in a phyllosilicate-rich and quartz crystal-ri9h matrix (m) (sample TH85-100.90, 
East Thalanga, scale bar: 1 cm). 
( c) Clast-supported, monomictic rhyolite breccia with rotated, flow laminated clasts 
(sample TH38-58.0, Central Thalanga). 
( d) Laminated, siliceous mudstone top of normally graded, monomictic rhyolite breccia 
unit (sample TH247-256.0) 
(e) Coherent rhyolite facies with abundant siliceous kernels (relic perlite?) m 
phyllosilicate-rich domain. The siliceous kernels could be mistaken for quartz 
phenocrysts (sample TH247-230.50, West Thalanga). 
(f) Sericite-rich altered, coherent rhyolite with strong foliation. Siliceous kernels (k) 
(relic perlite?) between phyllosilicate-rich bands resemble quartz phenocrysts (q) in 
hand specimen. (sample TH243A-249.20, West Thalanga, PPL). 
(g) Anastomosing bands of phyllosilicate encircling kernels of siliceous groundmass in 
weakly altered rhyolite. This texture may represent an early, incipient stage of 
'pseudophenocryst' formation (TH410-125.10, Far West Thalanga). 
(h) Rhyolite-mudstone breccia (facies C) with mudstone clasts showing internal 
lamination (TH247-251.70, West Thalanga). 
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Table 5.2: Criteria applied to discriminate monomictic elastic facies and 








internal texture and 
organisational 
• evenly porphyritic 
• euhedral phenocrysts 
• internal fabric (eg. flow lamination} 
with uniform or systematic orientation 
• massive, ungraded units 
top contact a) 
• sharp ~ lava or intrusion 
• sharp with chilled margins, overlying 
sediments disturbed and/or baked ~ 
intrusion 
• gradation into mixed, sediment-matrix-
supported monomictic breccia with abundant 
jig-saw fit textures ~ intrusion 
• gradation from coherent to jigsaw-fit, 
monomictic breccia to normal graded, 
monomictic breccia ~ lava overlain by in-
situ and resedimented autoclastic facies 
• consistent differences in crystal size • 
range and abundance between clasts • 
and matrix, or else evenly porphyritic 
• 
sharp, undisturbed ~ depositional 
sharp, irregular ~ erosional 
gradational into overlying unit ~ depositional 
• euhedral or broken crystals 
• clasts with internal fabrics in random 
orientation 
• graded units ~ resedimented 
autoclastic facies 
• massive units ~ in situ autoclastic 
facies 
•l: description~ interpretation 
5.2.3 Critical evaluation of the use of phenocryst logging 
The use of phenocryst populations as a means of discrimination of coherent and elastic 
facies in altered volcanic successions depends on the assumptions that (1) the coherent 
facies indeed had an evenly porphyritic texture prior to alteration and (2) the 
characteristics of the phenocryst population were not substantially modified during 
alteration, deformation and metamorphism. Observations made during this study suggest 
that both conditions are met at Thalanga and demonstrate that careful, systematic 
phenocryst logging can be a powerful tool in facies interpretation of altered, quartz-
phyric, rhyolitic successions. 
Lavas typically contain a specific assemblage of phenocrysts which are uniformly 
dispersed throughout one emplacement unit (McPhie et al., 1993). In most cases, these 
phenocryst assemblages represent the products of magma crystallisation prior to 
eruption (or shallow intrusion). Syn-eruptive nucleation and growth of crystals 1s 
restricted to microlite and spherulite formation. The melt (or parts of it) may solidify as a 
volcanic glass if cooling is rapid enough. Size and/or density sorting of phenocrysts is not 
iikely to occur during effusive eruptions of felsic magmas because most felsic melts 
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typically have high viscosities and only slightly lower density than phenocrysts 
(especially quartz and feldspar) (Murase & McBimey, 1973; McBimey & Murase, 
1984). 
However, substantial heterogeneities in the phenocryst assemblages of felsic lavas 
may result from incomplete mixing of two or more texturally distinctive magmas (magma 
mingling) immediately prior to eruption or during emplacement. The resulting textures 
include compositional flow banding and swirls, schlieren or blobs of one magma hosted 
within another magma (Sampson, 1987; Seaman et al., 1995). Mingling can produce 
heterogeneity in phenocryst populations on scales ranging from cm to several metres and 
could be difficult to identify in drill core in an altered and deformed succession. However, 
in the Thalanga sequence, intervals of rhyolite with uniform phenocryst populations are 
very thick (m to several tens of m). In addition, in sections through least-altered rhyolite, 
the contact between units with contrasting phenocryst populations are generally either 
sharp or marked by volcaniclastic facies. Therefore, it can be inferred that phenocrysts 
populations in the rhyolites of the MWF were not affected by syn-eruptive magma 
mingling. 
The texture of coherent rhyolite is substantially modified in the footwall alteration 
zone below the Thalanga ore body. Hydrothermal alteration affected the texture and 
mineralogical composition of groundmasses and also led to the destruction of feldspar 
phenocrysts. In contrast, quartz phenocrysts appear to have been largely unaffected by 
hydrothermal alteration and subsequent deformation and metamorphism. However, some 
quartz phenocrysts show undulous extinction and in-situ brecciation in strongly altered 
and foliated rocks which is probably a result of strain during regional deformation. In 
addition, some quartz phenocrysts are overgrown by a rim of fine quartz grains along 
their margins. These modifications are minor and logging of the abundance, size range and 
distribution of quartz phenocrysts has been instrumental in facies interpretation of the 
altered footwall rhyolite. 
Careful textural observations with the hand lens are required for phenocryst logging 
because, on superficial inspection, the distribution of quartz phenocrysts may appear to 
be uneven, especially in domainal altered, coherent rhyolite. Quartz phenocrysts are 
easily recognised in a dark, phyllosilicate-rich groundmass but harder to distinguish in 
domains with a white or grey, siliceous groundmass. Furthermore, phy llosilicate-rich 
domains may contain round to lensoidal remnants of siliceous groundmass encircled by 
foliated sericite, biotite and/or chlorite which in hand specimen superficially resemble 
genuine quartz phenocrysts (Fig. 5.3 e, :t). Such 'pseudophenocrysts' may represent the 
remnants of perlite kernels surrounded by phy llosilicates occupying the original arcuate, 
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perlitic cracks. Extensive alteration could have caused a progressive isolation of remnant 
siliceous kernels by successive replacement of the original groundmass. In some altered 
rhyolite, initial stages of the 'encircling' of small, round to lensoidal siliceous groundmass 
domains by arcuate-shaped phyllosilicate bands can be observed which may represent 
relics of original perlitic texture (Fig. 5.3g). The examination of thin sections has proven 
essential for facies recognition in the footwall alteration zone in order to confirm 
interpretations based on textural observations of hand specimen. 
5.3 Volcaniclastic and non-voICanic sedimentary facies m the 
Thalanga sequence 
A variety of volcaniclastic and non-volcanic sedimentary lithofacies occur in the Thalanga 
sequence. The description, classification and interpretation of these facies (Table 5.3) is 
mainly based on detailed examination of diamond drill holes. Graphic logs and lithological 
descriptions are presented in the Appendix (sections 1 to 6, back pocket). 
In general, lavas and intrusions in the Thalanga sequence are composed of the 
various rhyolite and dacite types described above and are dominated by coherent facies; 
in situ and resedimented autoclastic facies are less abundant. Other volcaniclastic facies in 
the Thalanga sequence include monomictic and polymictic breccia and volcaniclastic 
sandstone of variable composition (Table 5.3). In the footwall, normally graded rhyolitic 
breccia beds are typically monomictic but a rhyolite-mudstone breccia facies (facies C) is 
also present (Fig. 5.3h). These facies are interpreted as syn-eruptive, resedimented 
autoclastic breccia, mainly comprising hyaloclastite and resedimented talus. 
Breccia units-in the hangingwall dominantly contain clasts of dacite type 1 or dacite 
type 2. Locally, some rhyolite fragments and quartz crystals are also present. Clasts of 
dacite type 3 or of andesite have not been observed in hangingwall facies. Silicified dacite 
type 1 clasts with preserved tube pumice textures are fairly common (Fig. 5.4 a, b). 
Dacite type 2 clasts are generally grey, siliceous and massive but some are pumiceous or 
perlitic (Fig. 5.4 c). 
In the hangingwall, monomictic breccia units contain either dacite type 1 or dacite 
type 2 clasts. Locally, monomictic dacite type 2 breccia contains abundant pumice clasts. 
Polymictic dacite breccia with pumiceous dacite type 1 and perlitic dacite type 2 clasts is 
pre,sent in Central Thalanga (facies D). Polymictic dacite-rhyolite breccia (facies E) also 
occurs in the hangingwall and shows systematic changes in clast population along strike. 
Polymictic breccia composed of dacite 1 and rhyolite fragments occurs in East Thalanga 
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Table 5.3: Volcaniclastic and non-volcanic sedimentary facies in the Thalanga sequence 
facies description interpretation 
monomictic breccia facies 
A: in situ monomictic, non-graded, poorly sorted, clast- to matrix-supported, gradational contact with coherent facies of 1dent1cal composition, +thickness: 1 in situ autobreccia and 
monomictic breccia -20m l1yaloclastite 
clasts: up to 50 cm, blocky, polyhedral or irregular, locally perlitic, internal foliations in clasts in random orientation, jig-saw fit texture 
matrix: same as clasts, *phyllitic or siliceous, crystals evenly distnbuted, - crystal fragments 
[domainal altered in situ rhyohte breccia and domainal altered coherent rhyolite are difficult to discnminate in footwall alteration zone] 
B: graded or bedded monomictic, normally graded, poorly sorted, matrix- to clast-supported, commonly sharp top and base, thickness: mostly 3 - 20 m (up to 40 m) resedimented autoclastic 
monomictic breccia clasts: generally 1-10 cm, locally finer, locally abundant perlitic or pumiceous clash;, blocky, polyhedral, lensoidal {deformed into foliation) or breccia 
irregular, internal foliations in clasts in random orientation 
matrix: phyllitic or siliceous, quartz - feldspar crystals {rhyohte brecc1a) or feldspar crystals {dacite breccia with uneven distribution, crystal 
fragments 
polvmictic breccia facies 
C: rhyolite- poorly quartz-(feldspar}-phyric rhyohte clasts or siliceous mud stone clasts in a quartz -(feldspar) -rich matrix, normally graded, matrix- resed1mented rhyolitic 
mudstone breccia supported, commonly sharp top and base, thickness: mostly 5- 20 m (up to 30 m) hyaloclastite and/or talus 
clasts: 1-5 cm, rhyohte (siliceous, blocky to irregular), mudstone (wispy to blocky, locally with preserved internal lamination) from rhyolite 
matrix: phyllitic, quartz {+feldspar) crystals (5-10%, t 1 - 2 mm) with uneven distribution, crystal fragments lavas/domes + 
mudstone intraclasts 
D: polymictic dacite dacite 1 s!asts {white, siliceous, commonly pum1ceous with relict tube vesicle textu·e) in a feldspar -rich matrix - perlitic dacite 2 clasts, resedimented partly 
breccia normally graded, matnx-supported, sharp top and base, thickness: 3 - 20 m pumiceous hyaloclastite 
clasts: >1 - 5 cm white, siliceous dacite 1 clasts, 2 - 20 cm perlit1c dacite 2 clasts common in some units and/or talus from dacite 
matrix: phyllitic with abundant, unevenly distributed, feldspar crystals (15 - 20%, t 1 - 2mm) lavas/domes 
oolvmictic dacite-rhyolite breccia facies , 
E1: polymictic dacite 1 clasts in quartz-bearing matnx - rhyohte clasts, normally graded or non-graded, matrix-supported, sharp contacts, thickness: <1 - 8 m resedimented 
dacite 1 - rhyolite (units with rhyolite .clasts: t16 m) hyaloclastite and/or talus 
breccia clasts: 5-10% dacite 1: relic tube pumice clasts or grey, siliceous, non-vesicular clests, up to 10 ~. blocky to lensoidal {deformed into foliation), derived from dacite 1 
sharp, planar margins, minor rhyolite 1 or rhyolite 2 clasts lava/dome + accidental 
matrix: phyllitic {biotite-rich}, rarely siliceous, foliated, quartz crystals (1-5% , 1 - 2 mm, blue in some units) and feldspar crystals (<1-3%, t1 - rllyolite fragments 
2mm), crvstals unevenly distributed 
E2: polymictic dac1te 1 ar:id dacite 2 clasts in quartz-beanng matrix - rhyolite clasts, normally graded, matrix-supported, poorly sorted, sharp contacts, resedimented 
dacite 1 - dacite 2 - thickness: 8 - 18 m hyaloclastlte and/or talus 
rhyolite breccia clasts: 5-10% dacite 1: non-vesicular and relic pumice clasts {<1 - 15 cm), blocky to lensoidal or irregular, 5-20% dacite 2: grey siliceous non- derived from dacite 
vesicular or perlitic clasts (<1 to 10 cm), blocky, polyhedral, minor rhyolite type 2 or type 4 clasts {<1 -4 cm) lavas/domes + accidental 
matrix: phyllit1c {bio!Jte-rich), foliated, blue quartz crystals (1-10%, <1 - 3 mm) and feldspar crystals (2-5%, 1 - 2 mm), crystals unevenly rhyolite fragments 
distnbuted I 
E3: polymictic dacite 2 clasts in a quartz-bearing matrix - rhyohte clasts, normally graded or non-graded, matnx-supported, poorly sorted, sharp contacts, resedimented 
dacite 2 - rhyolite thickness: 10 - 17 m hyaloclastite and/or talus 
breccia clasts: 10 - 20% grey siliceous dacite 1 clasts {<1 - 5 cm), blocky, massive or flow-laminated, rare rhyolite type 1 and type 4 clasts derived from dacite 2 
matrix: phyllitic {biotite-rich}, foliated, blue quartz crystals (1-5%, <1 - 3 mm) and feldspar crystals (1-5%, 1 - 2 mm), crystals unevenly lavas/domes + accidental 
distributed rhyolite fraoments 
Quartz-Eye Volcaniclastics (~EV) I 
F: coarse quartz normally gf8ded or non-graded, matrix-supported, thickness: usually 2 - 7 m (up to 20 locally <1 m) resedimented rhyolitiq 
crystal-rich components: abundant, commonly blue quartz crystals, abundance and grain size variable on cm-scale within one unit (10 - 80%, generally 20- debris with locally 
sandstone/breccia 50%, 2-8mm, locally up to 15mm), feldspar crystals present in most units (1 - 20%, 1 - 5 mm), -rhyolite 4 clasts and/or minor rhyolite 1 incorporated lithic 
clasts, common mudstone intraclasts (black biotite-chlorite-rich or light grey sericite-quartz-rich), rare massive sulphide clasts fragments 
matrix: generally phyllitic (sericite-rich), foliated, locally siliceous, locally sulphide-rich (mineralised} 
[QEV ma.v grade laterally or vertically to normally graded quartz -beanng sandstone with tiner(t1 - 4 mm) and less abundant crystals] E. 
volcaniclastic sandstone facies 
G1: graded quartz normally graded, single and multiple, medium to thick beds, grain- to matrix-supported • crystal-nch turbidite, 
sandstone components: 10 - 50% quartz crystals (1 - 5 mm, locally blue), -rare rhyolite andfor rare mudstone intraclasts rhyohtic provenance, 
matrix: phyllitic and foliated gradino to siliceous mudstone at the top ?post-eruptive 
G2: graded feldspar normally graded, grain-supported, very thick beds (1 - 3 m) crystal-rich, high density 
- quartz sandstone components: 40 - 50% feldspar crystals (1-3 mm), 30-40% quartz crystals (1-5 mm, grey or bluish}, black mudstone intraclasts turbid1te, ?syn- to post-
matrix: siliceous or biotite- and chlorite-rich eruptive 
, G3: graded feldspar normally graded, medium to thin beds, minor very thick {1-4 m) fel'1s~:=!r.crystC!l-nch units, grain- to matnx-supported, interbedded with mudstone volcaniclastic furbidite, .. 
'sandstone components: 10 - 50% feldspar crystals (t 1 -2 mm), minor dacili::;. !:Jranules, rare scoriaceous ~c.g1oents mixed provenance, post- .I. ·-
matrix: phvllitic (sericite-rich), foliated eruptive 
mudstone facies -
H1: mudstone grey or brown, phyllitic, massive or laminated, pale sencite+quartz-nch and dark btotite+quartz-rich laminae, sparse tine quartz and feldspar hem1pelagic sediment 
crystals, rare siliceous quartz+feldspar -ohyric clasts which may be water-settled pumice clasts, intervals are <1 m to several metres thick 
H2: mudstone + mudstone facies similar to H1 intercalated with thin to thick beds of feldspar sandstone (G3) factes and rarely with quartz-feldspar sandstone hemipelagic sediment 
volcaniclastic (G2}, silica-ironstone or carbonate (1), or monomictic dacite 2 breccia (B} facies, intervals are 50 - 80 m thick and syn- to post-eruptive 
sandstone volcaniclastic turbidites 
chemical facies 
I: siliceous and massive to bedded silica-ironstone (quartz-magnetite-hematite), quartz-barite, carbonate-chlorite-tremolite sultides, carbonate-epidote- chemical precipitates 
calcareous facies actinolite(-quartz--barite- chlorite), thickness: generally< 1 m 
*phyllitic: dominantly composed of sericite-bio!Jte-chlorite in variable proportions, +:thickness ranges of breccia facies refer to single beds 
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(facies El). In Central Thalanga, polymictic breccia contains dacite type 1 and dacite 
type 2 clasts (facies E2; Fig. 5.4d) whereas in West Thalanga, dacite type 1 clasts are 
absent (facies E3). A distinctive volcaniclastic facies characterised by abundant, coarse 
(usually blue) quartz crystals and a variety of clast types (rhyolite type 1, rhyolite type 
2, massive sulphide and mudstone intraclasts) is common in the Favourable Horizon and 
often associated with massive sulphides (facies F, Quartz-Eye Volcaniclastics, Fig. 5.4e). 
Volcaniclastic sandstones with abundant volcanic quartz or quartz+feldspar crystals 
(facies Gland G2, Fig. 5.4f, g) are interpreted to be of syn- (?to post-) eruptive origin. 
Grey to brown, massive to laminated mudstone occurs locally in the Favourable 
Horizon and is common in the hangingwall to the west of the mine. Intervals of mudstone 
intercalated with medium to thinly bedded, feldspar-bearing turbidites (facies G3, Fig. 
5.4h) is a typical facies association. 
The chemical facies (facies I) includes silica-ironstone, quartz-barite and carbonate-
~ 
calc-silicate rocks representing rocks of uncommon mineralogy and composition in the 
Thalanga sequence. All of these rock types have previously been considered to have 
formed as hydrothermal exhalites (Gregory et al., 1990), however, more recent research 11 
by Herrmann (1994) has shown that massive carbonate-chlorite-tremolite rocks in the 
Favourable Horizon in West Thalanga most likely represent metamorphosed, intensely, 
carbonate-chlorite altered footwall rhyolite. The origin of the various rock types (eg. 1 
exhalative versus replacement) included in facies I is outside the scope of this study. 1 
They are regarded here as members of one facies. 
5.4 Comparison of facies associations in seven cross sections through 
the Thalanga sequence 
The cross sections and outcrop section have been converted to true-thiclr..ness graphic logs 
that summarise the volcanic facies and alteration intensity (Fig. 5.5). The geological cross 
sections and logs of diamond drill holes studied are presented in the Appendix. These 
show that in general terms, the Thalanga sequence is a felsic, lava-dominated, proximal 
succession which conformably overlies (PCF), and grades upwards into (top of TCF), a 
mudstone-dominated sedimentary facies association. Syn-volcanic intrusions are an 
important but subordinate part of the succession. 
96 










Silicified dacite type 1 pumice clast with delicate, fibrous internal texture 
interpreted to represent tube vesicles (facies El) (sample TH402-348.90, East 
Thalanga, TCF, scale bar: 1 cm). 
Dacite type 1 pumice clast with fibrous internal lamination interpreted to be tube 
vesicles (facies E2) (photomicrograph of sample TH38-406.40, Central Th.alanga, 
TCF, scale bar: 500 µm). 
Perlitic dacite type 2 clast with a feldspar phenocryst that had been broken at the 
margin of the clast (arrow). The perlitic texture indicates that this clast was 
originally grassy (facies D) (photomicrograph of sample C2047-112.75, Central 
Thalanga, TCF, scale bar: 500 µm). 
Polymictic\ breccia containing rhyolite type 4 and siliceous dacite type 1 ?pumice 
clasts (facies E2) (sample TH334-61.60, Central Thalanga, TCF). 
Examples of Quartz-Eye volcaniclastic facies (facies F) from the Favourable 
I 
Horizon in East Thalanga. Note uneven distribution of coarse, commonly blue 
quartz crystals and siliceous mudstone intraclasts (m) (samples TH61-216.20 and 
TH61-237.50). 
Quartz crystal-rich sandstone from the footwall in East Thalanga. Coarse, quartz-
crystal-rich base of one bed is overlying the fine-grained, siliceous top of the 
underlying bed. The low-angle orientation of the contact with respect to the long 
axis of core is due to the steep orientation of the drill hole collar with regard to 
stratigraphy (sample TH144B-151.70). -
Feldspar and quartz crystal-rich sandstone from the hangingwall in Far West 
Thalanga (~ 300 m above the Favourable Horizon) (sample TH37-22.30). 
Bedded mudstone-dominated sedimentary facies with intercalated graded beds of 
feldspar-bearing turbidites from the in the hangingwall in Far West Thalanga (facies 
H2) (sample TH37-70.70). 
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In the following sections, the facies architecture of the Thalanga sequence is 
described in terms of the principal facies present in the footwall, Favourable Horizon and 
hangingwall, and the lateral variations in the facies associations that occur between the 
mine area and the outcrop section. 
5.4.1 Footwall 
In the outcrop section, the MWF consists mainly of rhyolite type 3 lavas (50-150 m 
thick) which are dominated by coherent facies; in situ and resedimented autoclastic 
breccia facies are minor. The PCF at the base of the section consists of thinly bedded 
mudstone which includes a small silica-ironstone lens. Rhyolite type 4 intrusions occur in 
the top part of the PCF and in the basal part of the MWF. Rhyolite type 1 and 2 lavas 
are minor components. 
In the Thalanga mine area, the upper part of the MWF consists of unaltered to 
strongly altered rhyolite types I and 2. The ore body occurs on top of rhyolite type 1 
lava (150 to 200 m thick) dominated by coherent facies in Central and East Thalanga 
(sections 3-6) whereas resedimented syn-eruptive rhyolitic breccia (facies B and C) is the 
immediate footwall to massive sulphides in West Thalanga. Unaltered rhyolite type 1 
syn-volcanic intrusions into moderately to strongly altered rhyolite breccia have been 
identified in the upper parts of Far West (section 1) and Central (section 3) Thalanga. In 
East and West Thalanga (sections 1, 2, 5 and 6), lower parts of the footwall (~200 to 250 
m below the Favourable Horizon) consist mainly of unaltered to moderately altered 
rhyolite type 2 lava (> 250 m thick), with subordinate resedimented autoclastic breccia 
(facies B) and quartz crystal-rich sandstone turbidites (facies G 1). In Central Thalanga 
(section 4), rhyolite type 2 intrudes moderately altered rhyolite type I lava, the base of 
which has not been intersected. In contrast to its predominance in the outcrop section, 
rhyolite type 3 is absent in the upper part of the MWF in the Thalanga mine area except 
for one intrusion with a peperitic top contact in Far West Thalanga (section 1). 
5.4.2 Favourable Horizon 
The Favourable Horizon conformably overlies rhyolite (type 1 or 3) and consists of a 
lithologically diverse facies association with marked lateral facies variations. It includes 
coarse quartz-feldspar crystal-rich volcaniclastic facies (Quartz-Eye Volcaniclastics or 
QEV, facies F), rhyolite type 4 intrusions, rare rhyolite type 1 resedimented autoclastic 
breccia, massive to semi-massive sulphides, carbonate-tremolite-chlorite rocks, massive to 
semi-massive barite, silica-ironstones and laminated or massive grey-brown mudstones. 
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In the outcrop section, the Favourable Horizon consists of laminated grey-brown 
mudstone, quartz-feldspar crystal-rich sandstone, minor siliceous mudstone and a single 
40-m thick, rhyolite type 4 lava. The top part of the mudstone contains quartz-feldspar-
phyric siliceous clasts up to 5 cm across which may be water-settled pumice clasts. 
In the mine area, the Favourable Horizon is dominated by the QEV which contains 
minor rhyolite clasts (types 4 and 1), mudstone intraclasts and rare massive sulphide 
clasts (Hill, 1996). Rhyolite type 4 intrusions (possibly including minor partially 
extrusive units) are common in East Thalanga (section 6) and also occur in Central 
Thalanga to the west of section 3 (Hill, 1996, not shown in Fig. 5 .5). Hill (1996) 
concluded that the QEV was predominantly derived from an unknown rhyolite source in 
the vicinity of the Thalanga deposit because (1) the QEV locally contain quartz crystals 
that are significantly coarser (up to 15 mm) than phenocrysts in rhyolite type 4, and (2) 
intrusive (peperitic) contacts between coherent facies of rhyolite type 4 and QEV 
predominate. In East Thalanga (section 6), the QEV is the immediate host to the massive 
sulphides whereas rhyolite type 4 intrusions are unaltered and not associated with the 
ore. This observation also suggests that there was a time lag between QEV emplacement 
(syn-mineralisation) and rhyolite type 4 intrusion (post-mineralisation). 
Carbonate-tremolite-chlorite rocks that represent metamorphosed intense alteration 
of footwall rhyolite (Herrmann, 1994) are common in West Thalanga (section 2) but 
scarce elsewhere. In West Thalanga, carbonate, tremolite and chlorite are also the 
dominant gangue minerals in massive sulphides. Silica-ironstones occur in places in the 
distal and upper fringes of ore lenses and intercalated with laminated or massive grey-
brown mudstone in the Favourable Horizon to the west of the mine along the Thalanga 
Range (Duhig et al., 1992). 
Massive to semi-massive barite also occurs locally on the fringes of the ore body in 
particular along the up-dip and western termination of the West Thalanga ore lens and the 
western margin of the East Thalanga ore lens (Hill, 1996). They range in thickness from 
<1 m to -3 m and may extend for up to 150 m in the down-dip or along-strike direction. 
These rocks consist dominantly of variable proportions of fine-grained ( <50 µm) quartz 
and barite; other minerals ( eg. muscovite, biotite, sphalerite) vary in abundance from 
negligibleto common (10 - 20 vol.%). Semi-massive sulphide with barite-rich gangue are 
also present in some marginal parts of the ore lenses and typically grade laterally into 
quartz- and barite-rich rocks. Locally, top and base contacts of massive to semi-massive 
barite are gradational to altered rhyolite, sedimentary facies or chemical facies which 
suggests that they may have formed by sub-seafloor replacement processes. However, 
some units have sharp and conformable stratigraphic contacts (eg. THS, section 3, 
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Appendix) and may therefore represent chemical sediments deposited onto the palaeo-
seafloor. 
5.43 Hangingwall 
The hangingwall to the massive sulphides (TCF) is unaltered to weakly altered and 
dominated by dacitic lavas, although there are marked changes in the composition and 
facies associations along strike. In East Thalanga, dacite type 1 lava (100-150 m thick, 
> 1 OOO m wide and >500 m long) immediately overlies the Favourable Horizon (sections 5 
and 6). Polymictic breccia (facies El) with dacite type 1 clasts in a quartz crystal-bearing 
matrix occurs below and above this massive lava. This facies locally contains rhyolite 
clasts and extends westward through to Central Thalanga (sections 3 and 4) but not 
beyond. East Thalanga (section 5) also includes another variety of polymictic breccia 
with dacite type 1 clasts in a feldspar-rich matrix (facies D). How~ver, clasts of dacite 
types 2 or 3 are not present in volcaniclastic units in East Thalanga. 
In the west, dacite type 2 is predominant in the hangingwa!f. Dacite type 2 lava 
?domes (150 to 180 m thick) overly the Favourable Horizon irl Far West Thalanga 
(section 1) and the outcrop section. In section 1, the dacite type 2 dome is flanked by a 
thick interval of monomictic resedimented pumiceous autoclastic breccia (facies B). An 
I 
equivalent association is present in West Thalanga (section 2) where a series of dacite 
I 
type 2 lavas, each <50 m thick, is intercalated with resedimented autoclastic breccia 
(facies B). Polymictic breccia units occurring in these two sections and in the outcrop 
section contain dacite type 2 (and rhyolite) clasts but no dacite type 1 or dacite type 3 
clasts (facies E3). In contrast, polymictic breccia with both dacite type 1 and dacite type 
2 clasts (± rhyolitic components) is common in Central Thalanga (facies D and E2). 
Dacite type 3 intrusions with sharp, chilled margins and peperitic top contacts 
occur in East, West and Central Thalanga. Although clearly post-dating dacite type 1, 
dacite type 2 and deposition of associated monomictic and polymictic breccia, the 
peperitic contacts indicate that emplacement was syn-volcanic. In West Thalanga (section 
2), a dacite type 3 sill (15 to 60 m thick, >500 m wide, length unknown) intruded parallel 
to the Favourable Horizon just above the mineralisation and displaced quartz crystal-rich 
sandstone (distal equivalent of QEV, facies Gl) intercalated with laminated mudstone 
into the hangingwall. A dacite type 3 feeder dike occurs in the footwall of East Thalanga 
(section 5). Minor andesite sills with sharp, chilled contacts, post-date dacitic volcanism 
and locally intrude the hangingwall. 
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Fig. 5.5: Graphic logs for the Thalanga sequence in the outcrop section ~5 km west of 
Thalanga mine and in 6 sections in the Thalanga mine area. 
Positions of sections are shown on Figure 1.5. Tick marks are 50 m apart, true 
stratigraphic thickness. 
The outcrop section in the railway cutting was mapped during this study and the 
graphic log was extended into the TCF based on mapping by Hill (1996) on the 
south eastern side of the Thalanga Range. 
These simplified graphic logs of the facies associations in the Thalanga mine area 
~ are based on detailed lithofacies logging of 4 to 6 diamond drill holes per section 
chilled at variable angles to stratigraphy. The total of length of drill core examined 
per section varies between 1700 m and 3300 m (Table 1.2). Graphic logs and 
description oflithofacies of drill holes are presented in the Appendix together with 
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These observations indicate that mass-flow-transported clasts in the vanous 
polymictic breccia facies were derived locally from coeval dacite lavas and domes, ~d to 
a lesser extent, from exposed parts of rhyolites. The limited lateral extents of the different 
polymictic breccia facies and their close spatial association with particular dacite types 
suggest that the mass flows were confined to local depressions (no more than a few 
hundred metres in maximum extent) that were probably defined by constructional 
_volcanic features such as the steep margins oflavas and domes. 
A different facies association occurs in the upper part of the hangingwall in Far 
West Thalanga (section 1) and the outcrop section. Above the dacite type 2 lava/?dome 
(150 to 180 m thick), the sequence is dominated by mudstone and thinly bedded feldspar-
rich turbidites (facies H2), but includes subordinate monomictic dacite type 2 breccia 
(facies B), polymictic breccia with dacite type 2 clasts (facies E3) and quartz-feldspar 
crystal-rich sandstone (facies G2). Thus, this area was a depocentre receiving mass-flow 
e 
transported elastic input from at least two solirces: a ?distal extra-basinal source for the 
turbidites, and a more local source, most likely the adjacent dacite type 2 lava/?dome. 
In the Far West Thalanga hangingw* section (section 1) silica-ironstone and 
massive calcareous rocks ( carbonate-epidote~actinolite, facies I) are partially hosted 
within crystal-rich sandstone and occur 150 :p:i above the Favourable Horizon, laterally 
adjacent to the top of the dacite type 2 lava/?1dome. The Far West Thalanga hangingwall 
section is also exceptional in the presence of1 an interval of coherent rhyolite type 4 
(uncertain mode of emplacement), 250 m above the Favourable Horizon, overlying 
laminated, grey-bro~ mudstone. 
5.5 Discussion 
5.5.1 Evolution of the Thalanga sequence 
The Thalanga mine area was a submarine felsic volcanic centre dominated by the products of 
effusive eruptions, comprising lavas and domes, together w:ith lava- or dome-derived, mass-
flow-emplaced elastic units and syn-volcanicintrusions. Prior to mineralisation at Thalanga, the 
volcanism was rhyolitic (myolitetypes 1 and 2) (Fig. 5.6a). The thickening of the MWF in the 
mine area could be due to the restricted emplacement of the rhy olites, although the composition 
of the lower part of soction is unknown. The crest of this volcanic centre could have bren up to 
5 00 m above the adjacent area to the west, assuming that the top surface of the underlying P CF 
was roughly horizontal. This relief could have bren constructed by high-aspoct-ratio lavas and 
102 
Fig. 5.6: Model for the evolution of the Thalanga sequence. Legend for symbols given on 
Figure 5.5. 
(a) In the Thalanga mine area, a topographically high volcanic cent:t;e was constructed 
by lavas of rhyolite types 1 and 2. A laterally extensive, footwall alteration zone 
enveloping zones of intense alteration associated with pyrite veining developed in 
the upper 200 to 300 m of the lavas. QEV (facies F) emplacement was coeval with 
mineralising hydrothermal activity. In the outcrop section, the equivalent interval 
consists mainly of well bedded mudstone enclosing rhyolite type 4 lava. Minor 
~ 
rhyolitic syn-volcanic intrusions were emplaced in the footwall alteration zone and 
the Favourable Horizon after hydrothermal alteration and mineralisation had largely 
_ ceased. 
(b) Effusive eruptions continued after mineralisation and dacite types 1 and 2 were 
extruded in East and West Thalanga respectively. These events also grnerated 
significant thicknesses of dacitic autobreccia, resedimented autoclastic breccia and 
. I 
polymictic volcanic breccia. Dacite type 3 and andesite intruded the hangingwall in 
East, W~st and Central Thalanga at a later stage. To the west, extrusion of dacite 2 
was followed by deposition of a mudstone-dominated sequence that received 
sporadic mass-flow-transported input (eg. feldspar crystal-rich turbidites, facies 


























































domes. Monom.ictic rhyolitic resedimented autoclastic breccia that 1s common in the 
footwall towards the west (sections 1 and 2) probably accumulated on the flanks of the 
rhyolitic edifice. Deposition of QEV units in the Favourable Horizon on the top of the 
rhyolite ridge/plateau indicates the presence of local depressions and knolls (probably 
tens to a few hundreds of metres in extent and <20 m relief), which could be attributable 
to irregularities in the surface structure of the rhyolite lavas (subaerial rhyolites, eg. Fink, 
1980). Accumulation of the QEV was largely synchronous with massive sulphide 
formation. 
The Thalanga mine area remained a centre of effusive volcanism and topographically 
~gh during TCF emplacement, in contrast to the area to the west (Fig. 5.6b). The massive 
sulphides at Thalanga were buried by dacite lavas, syn-volcanic 
intrusions and thick, mass-flow-emplaced volcanic breccias composed of locally derived 
clasts, while hemipelagic mudstone and turbidite sand, partly derived from an unknown, 
distal? source, accumulated in the laterally equivalent area to the west. The 
topographically high Thalanga mine area did not receive this mass-flow transported 
sedimentary input from external sources. 
Although the volcanic activity continued to be dominated by effusive eruptions 
after the mineralisation, there was a marked shift from rhyolitic to dacitic compositions 
and the hangingwall was supplied by a quartz phenocryst-free magma reservoir. Quartz 
crystals and rhyolite lava clasts that occur in polymictic, mass-flow-emplaced units in the 
hangingwall above the massive sulphides were probably locally derived from exposed 
rhyolite of the MWF. However, the presence of coherent rhyolite type 4 m the 
hangingwall of section 1 indicates that minor rhyolitic volcanism continued m the 
Thalanga area after mineralisation. 
5.5.2 A modern analogue - the Pual Ridge, Papua New Guinea 
A modem analog for the Thalanga massive sulphide deposit and its setting on a 
submarine, felsic topographic high is the P ACMANUS hydrothermal field in the eastern 
Manus back-arc basin north of New Britain (Papua New Guinea). Several hydrothermally 
active areas and sulphide deposits occur at 1,630 m below sea level (bsl), near the top of 
the 20 km long, 1 to 1.5 km wide, dominantly dacitic Pual Ridge which rises 400 to 600 m 
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above the surrounding ocean floor (Binns & Scott, 1993). The lavas range from weakly to 
highly vesicular, and are poorly porphyritic (plagioclase, pyroxene and magnetite 
phenocrysts) with groundmasses composed of glass and plagioclase and pyroxene 
microlites. The lavas of the Pual Ridge range in composition from andesite to rhyodacite 
following a calc-alkaline fractionation trend. However, dacite lavas are dominant above 
1800 m bsl and their surfaces are described as "extremely hummocky with jagged 
protuberances that are commonly several metres high" (Binns & Scott, 1993, p. 2227). 
Abundant autoclastic breccia, mainly in situ and resedimented hyaloclastite, has also been 
observed. Talus breccia produced by mass wasting is particularly abundant on the flanks 
of Pual Ridge whereas the crest of the ridge has an irregular topography and consists of 
knolls (rising 20 to 50 m above the surrounding area) and local basins (<300 m maximum 
extent). 
5.5.3 Relationship between hydrothermal activity and rhyolitic volcanism 
The hydrothermal system that generated the Thalanga base metal deposit became active 
during emplacement of the footwall rhyolites. However, the presence of unaltered 
rhyolite intrusions in the footwall indicates that the rhyolitic volcanism outlived the 
hydrothermal activity and massive sulphide formation. The deposition of the QEV in the 
Favourable Horizon was apparently coeval with mineralisation because the QEV contains 
massive sulphide clasts and locally hosts the mineralisation (Hill, 1996). Nevertheless, 
monomictic rhyolite mass-flow-emplaced breccia units in the footwall mark previously 
unrecognised palaeo-seafloor positions within the MWF that are potentially prospective 
for exhalative base metal sulphides produced during earlier, separate or related stages of 
the Thalanga hydrothermal activity. 
In an attempt to assess whether volcanic facies controlled or influenced the 
Thalanga hydrothermal system, the facies arrangement in the footwall was compared with 
the sites of most intense fluid flow as indicated by zones of strong alteration. Such a 
comparison shows that the zones of intense alteration do not coincide either with 
particular facies boundaries or facies types, and instead, clearly cross cut the facies 
arrangement (eg. sections 3-6, Fig. 5.5; see also geological cross sections and drill hole logs 
in the Appendix or Figs. 7.5 to 7.7). The present-day oblique orientation of zones of 
intense alteration may be largely due to shearing during regional folding (D2) and it is 
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possible that the original orientation of these zones was more or less normal to 
stratigraphy. Even so, it is clear that neither particular facies types nor particular 
emplacement units were preferred sites for hydrothermal fluid flow. In the absence of 
recognisable early (pre-D2) tectonic features, such as syn-volcanic faults, the mechanism 
of focussing hydrothermal fluid flow at Thalanga remains enigmatic. 
5.6 Summary 
The Thalanga massive sulphide ore body overlies a~ 1 OOO m thick succession of rhyolitic 
lavas, syn-volcanic intrusions and monomictic mass-flow units which thins significantly 
to the west. The ore body formed on top of an elevated rhyolitic volcanic centre 
constructed by the products of effusive eruptions in a subaqueous, below storm-wave-
base depositional environment. This is similar to the setting of the P ACMANUS 
hydrothermal field in the eastern Manus Basin (Papua New Guinea) which occurs at 
~ 1,600 m bsl on the top of a 400 to 600 m high ridge composed predominantly of dacitic 
lava. 
Several types of rhyolite in the footwall and dacite in the hangingwall have been 
distinguished by phenocryst logging even though primary textures have been modified by 
hydrothermal alteration. In addition, careful textural observations have allowed 
discrimination of genuine from false elastic facies in the strongly altered footwall lavas 
and intrusions, and recognition of mass-flow-emplaced units that indicate palaeo-seafloor 
positions within the rhyolitic footwall. 
The mineralising hydrothermal system at Thalanga was active during rhyolitic 
volcanism but ceased before the final stages of rhyolite emplacement. The emplacement 
of QEV in the Favourable Horizon appears to have been largely coeval with 
mineralisation. However, the coarse-quartz crystal-rich volcaniclastic facies is not 
restricted either to the Favourable Horizon nor to the mine area, being present in the 
hangingwall and well to the west of the mine. 
Zones of strong alteration in the footwall are well defined and delineate positions of 
intense hydrothermal fluid flow. These zones cut across emplacement units and are not 
confined to particular facies types. Thus it appears that controls other than volcanic 
facies were important in focussing the Thalanga hydrothermal system. 
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6 Constraints on the primary geochemistry of Thalanga volcanic 
units 
The geochemical composition of volcanic units in the Thalanga sequence reflects a variety 
of processes related to magmatic evolution, diagenesis, sub-seafloor metamorphism and 
hydrothermal alteration associated with mineralisation. This chapter is concerned with 
the characterisation of the primary geochemical composition and interpretation of a 
general petrological model. 
In total, 180 samples, representing the principal lithofacies in the Thalanga 
sequence, have been analysed during this study. These include altered and least-altered· 
samples of the different types of rhyolite and dacite which were defined petrographically 
(Chapter 5). Data for rhyolite type 4 were supplemented with analyses presented in Hill 
(1996). For simplicity, rhyolite types 1, 2 and 3 are collectively referred to as 'footwall 
rhyolite'. and dacite types 1, 2 and 3 as 'hangingwall dacite'. 
The geochemical data-set consists of bulk rock XRF analyses of major, minor and 
trace elements; rare earth elements (REE) were determined for a representative sub-set of 
samples. The analytical procedures are described in the Appendix and the data are 
presented in Table A4. 
6.1 Introduction 
VHMS deposits are commonly associated with felsic host rocks in bimodal volcanic 
sequences (Mosier et al., 1983; Franklin et al., 1981) and the petrogenesis of these 
volcanics has been the subject of numerous research projects (eg. MacGeehan & 
MacLean, 1980; Sillitoe, 1982; Lesher et al., 1986; Swinden, 1991; Lentz & Goodfellow, 
1992; Barrie et al., 1993; Syme & Bailes, 1993; Stolz, 1995). These studies have 
characterised the tectonic setting of potentially prospective volcanic sequence:; using 
geochemical and isotopic evidence (Galley, 1995). In general, it has been inferred that 
VHMS deposits have formed preferentially in extensional tectonic environments. 
The interpretation of magmatic affinities, possible source characteristics and likely 
tectonic environments of ancient volcanics is a difficult task. Most major elements 
commonly used for classification of fresh, modem volcanics are mobile during alteration 
and metamorphism (Rollinson, 1993) and especially alkalis and silica are readily 
mobilised even during circulation of cold meteoric or marine waters through fresh, glassy 
volcanics (Lipman, 1965). Therefore, the identification of immobile element signatures of 
volcanic rocks from known tectonic settings has long been a major goal in igneous 
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petrology (eg. Pearce & Cann, 1973, Winchester & Floyd, 1977, Rollinson, 1993, p. 171-
215). A variety of diagrams using high field strength elements (HFSE), such as Ti, Zr, Y, 
Nb, P and Th, for the discrimination of basalts from different tectonic settings has been 
proposed and applied to ancient volcanic sequences. However, the uncritical use of such 
diagrams may lead to spurious interpretations because trace element concentrations in 
igneous rocks are a function of a variety of processes which may, or may not, be uniq,ue 
to specific tectonic setting. 
In a recent review on the lithogeochemistry of VHMS districts, Barrett & MacLean 
(1997) concluded that massive sulphide formation occurred preferentially in three settings 
associated with extension: 
• rifting of continental crust in marine basins behind a continental margin volcanic arc 
(examples: Bathurst :rvlining Camp, Canada, Lentz & Goodfellow, 1992; Mount 
Windsor Subprovince, Australia, Stolz, 1995), 
• rifting of continental crust in an intraplate-setting due to upwelling of the 
asthenosphere producing peralkaline rhyolites and alkaline basalts (example: Prays 
Mountains, Wales, Leat et al., 1986), and 
• rifting of mature arcs where subduction-related effects on volcanism are important and 
involvement of continental crust in magma genesis is limited (examples: Kuroko 
deposits, Japan, Dudas et al., 1983; Myra Falls, Canada, Barrett & MacLean, 1997). 
Lentz (1998) also concluded that VHMS deposits formed in various extensional 
tectonic settings and suggested that Zr/Y and (La/Yb )N ratios could be useful in 
discriminating barren and potentially prospective volcanic provinces. 
The Zr/Y ratio has been regarded as an indicator of magmatic affinities of altered, 
ancient, felsic volcanic successions (Lesher, et al., 1986; MacLean & Barrett, 1993; 
Barrett & MacLean, 1997; Lentz, 1998). In general, tholeiitic felsic volcanics have 
relatively low Zr/Y ratios (2 to 4) whereas calc~q}k:aline affinities are indicated by Zr/Y 
ratios >7; intermediate values (4 to 7) can be classified as transitional. The increase in 
Zr/Y ratios is interpreted to reflect the compatible behaviour of Y in calc-alkaline suites. 
The compatibility of Y (and heavy REE) has been related to hornblende fractionation 
and/or hornblende restite formation (eg. Arth & Barker, 1976; Pearce, 1982; Henderson, 
1984; Sisson, 1994). 
The petrology and tectono-magmatic evolution of the Mount Windsor Subprovince 
was examined on a regional scale by Stolz (1995) using bulk rock geochemical analyses 
(including REE) and Nd isotopes of representative, least-altered volcanics from the PCF, 
MWF and TCF. Stolz (1995) inferred that these volcanics were emplaced in a continental 
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back-arc setting and proposed a model for the evolution of the subprovince (Fig. 1.4). 
Continental-derived elastic sedimentary facies of the PCF were deposited on an 
attenuated passive continental margin during the Neoproterozoic to Cambrian. In the Late 
Cambrian to Early Ordovician, back-arc extension was initiated and accompanied by the 
first phase of volcanism. This event is represented by alkaline basalts and andesites in the 
top part of the PCF which were derived from subcontinental, lithospheric mantle. 
Subsequently, rhyolites (MWF), derived from extensive partial melting of the sub-
continental lithosphere, were emplaced on top of the PCF. Continued volcanism 
produced the mafic to felsic volcanic succession of the TCP. Mafic units of the TCF have 
a subduction-related geochemical signature similar to modern back-arc basalts whereas 
felsic units were influenced by assimilation of continental crust. 
6.2 Geochemistry of Thalanga volcanic units . 
6.2.1 Major element mobility during. alteration 
I 
The different types of rhyolite and dacite identified on the basis of consistent differences I 
\ 
in phenocryst populations (Chapter 5) each show marked variations in major element' 
concentrations (Tables 6.1 and 6.2), suggesting that the compositions have been stronglY, 
modified after emplacement as a result of alteration. The term 'alteration' is used to refer, 
to any post-depositional modification in the composition of the rocks which may be the 1 
result of a variety of processes including diagenesis, sub-seafloor metamorphism or 
hydrothermal alteration. 
On variation diagrams such as the TAS diagram (Na20+K20 versus Si02, Le Maitre 
et al., 1989, Fig. 6.la), which is commonly used for the classification fresh volcanic rocks, 
the data points are widely scattered. Analyses of rhyolite type 1 from the altered, 
immediate footwall to massive sulphides in the mine area, vary between 55 and 85 wt.% 
Si02 and 2 to 10 wt.% K20 + Na20. Rhyolites type 2 and 3 are generally weakly altered 
and their analyses plot mainly in the field for rhyolite. Samples of rhyolite type 4 and 
hangingwall dacite (types 1 to 3) also plot mainly in the field for rhyolite. These 
unsystematic variations indicate that original Si02, Na20 and K20 concentrations were 
substantially modified during alteration and that geochemical classification based on these 
major elements in invalid. 
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Fig. 6.1: Major element geochemistry of Thalanga volcanic units: TAS-diagram, S versus -
Si02 and S versus FeO. 
(a) The TAS diagram (Na20 + K20 versus Si02) is commonly used for the 
classification of fresh, modem volcanic rocks (Le Maitre et al., 1989). The data for 
the Thalanga volcanic units show a wide and unsystematic distribution which 
indicates that alkalis and silica were mobile during alteration. 
(b) The effects of hydrothermal alteration on footwall rhyolites are clearly apparent in 
a diagram of S versus Si02• S concentration >0.5 wt.% are common in analyses of 
rhyolite ~pe 1. The S contents of hangingwall dacites and rhyolite type 4 are 
generally <0.01 wt.% (detection limit). 
I ( c) The high \,concentrations of S in altered rhyolite type 1 con-elate with the abundance 
of pyrite observed in drill core and with the measured FeO concentrations. 
Howevei;, elevated FeO values are also related to other alteration processes such as 
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Elevated S concentrations in the footwall rhyolite are a clear indication of 
I 
substantial geochemical modifications related to hydrothermal activity associated with 
massive sulphide formation (Fig. 6.1 b ). Most samples of rhyolite type 1 contain >O. 5 
wt.% S and values> 1 wt.% are common. In contrast, S concentrations in the hangingwall 
dacite, andesite and rhyolite type 4 are mainly below the detection limit (<0.01 wt. %). 
Enrichment in S in the footwall alteration zone is reflected by the presence of pyrite and a 
positive correlation between S and FeO (Fig. 6.lc). However, FeQ enrichment is also 
associated with other alteration processes including the formation of chlorite. 
Assuming that least-altered footwall rhyolites had Na20 concentrations between 3 
and 5 wt.%, and MgO contents <0.5 wt.% Figure 6.2a indicates that hydrothermal 
alteration in the footwall was associated with decreasing concentrations of N a20 whereas 
MgO was enriched and values >2 wt.% are common. In contrast, hangingwall dacites are 
generally Na20-rich and their MgO contents are relatively low. The high Na20 contents 
~ 
of the dacites are coupled with comparatively low K20 concentrations which is 
consistent with widespread albite alteration in the hangingwall (Chapters 7 and 8) 
(Fig. 6.2b). Footwall rhyolites show extreme variability in K20 ~oncentrations, ranging 
between 1 and 8 wt.%. Rhyolite type 4 has Na20 concentrations 'mainly between 2 and 
5.5 wt.% suggesting that changes to their original alkali concentrations were relatively 
mmor. 
A diagram comparing total concentration of alkalis (Na20 -+1 K20) with the K20 
ratio (100*K20/[Na20 + K20]) was developed by Hughes (1973) in order to identify the 
effects of Na- and K-metasomatism on the geochemical composition of common volcanic 
rocks (Fig. 6.2c). Hughes (1973) used the term 'metasomatism' to describe geochemical 
changes during sub-seafloor metamorphism associated with removal and/or introduction 
of elements; in this sense, 'metasomatism' is essentially synonymous with 'alteration'. 
The diagram shows a field for fresh igneous rocks with about equally balanced K20 and 
Nt120 concentrations. On this diagram, the data from Thalanga are widely spread 
implying that alkali concentrations of most samples were modified by alteration. Dacites 
in the hangingwall suffered variable degrees of sodic metasomatism (albite alteration) 
whereas rhyolites in the footwall experienced potassic metasomatism. However, some 
samples of each volcanic rock type defined at Thalanga plot within the 'igneous field' and 
their concentrations of alkalis may approximate the original Na20 and K20 values. 
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Fig. 6.2: Major element geochemistry ofThalanga volcanic units: MgO versus Na20, K2 0 
versus Na20 and 'Hughes diagram'. 
/ 
(a) MgO versus Na20. Alteration of footwall rhyolites was associated with decreasing 
Na20 concentrations and increasing MgO. Rhyolites with 3 to 5 wt.% Na20 have 
low MgO values and probably represent least-altered samples. MgO 
concentrations are low in the hangingwall dacites and Na20 values range mainly 
betwee~1 4 and 7 wt.%. 
(b) Na20 versus K20. High Na20 concentrations of hangingwall dacites are correlated 
with low K20 contents indicating Na-enrichment due to albite formation. Footwall 
rhyolites show an extremely wide range ofK20 values (1 to 8 wt.%). 
(c) Diagram for K20 + Na20 versus K20 ratio (100 * K20/[K20+Na20]) ('Hughes 
diagram'). Analyses of hangingwall dacites plot in the field indicating Na-
metasomatism whereas data for footwall rhyolites plot in the field for K-
metasomatism and also show a general depletion in alkali elements. Some samples 
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These variations in the geochemistry of rhyolites and dacites at Thalanga indicate 
I 
that their major element compositions were variably modified after emplacement. 
However, footwall rhyolites and hangingwall dacites show different trends in most 
· diagrams indicating that they were affected by different alteration processes. The 
comparatively high values of S, MgO and FeO in many samples of footwall rhyolite 
indicate that they were hydrothermally altered during mineralising hydrothermal activity 
(Reed, 1997; Scott, 1997). In contrast, concentrations of these elements are low in 
hangingwall dacites which, however, show comparatively elevated Na20 values. This 
~ 
feature is consistent with albite alteration as a result of sub-seafloor metamorphism 
(Hughes, 1973; Humphris & Thompson, 1978). The effects of alteration are further 
examined and discussed in Chapters 7, 8 and 9. 
6.2.2 Immobile element geochemistry 
~ 
In contrast to the wide scatter in the major element data, HFSE of the Thalanga volcanic 
I units show consistent and systematic trends on variation diagrams. This suggests that 
~ HFSE were immobile during alteration and metamorphism at Thalanga, as has been found 
in studies of other VHMS successions (eg. Finlow-Bates & Stumpfl, 1981; MacLean & 
· Kranidiotis, 1987; Barrett & MacLean, 1994b). 
Footwall rhyolite, rhyolite type 4 and the different types of hangingwall dacite can 
I 
be distinguished by their distinctive Ti/Zr ratios (Fig. 6.3a). The data show that rhyolite 
types 1 to 3 have a consistent Ti/Zr ratio of 4 (Fig. 6.3a; Table 6.1) despite the extreme 
compositional variability in terms of major elements. The highly correlated positive trend 
(r=0.93), and the fact that the line of best fit passes through the origin of the diagram, 
indicate that Ti and Zr were immobile during hydrothermal alteration (MacLean & 
Barrett, 1993; MacLean, 1990). The variations in Ti02 and Zr concentrations at a 
constant Ti/Zr ratio are interpreted to result from mass changes associated with removal 
or addition of mobile components causing relative enrichment or depletion of immobile 
elements. The amount of mass change can be determined by mass balance calculations 
which are presented and discussed in Chapter 8. 
The Ti/Zr ratios of rhyolite type 4 from the MWF vary between 8 and 12 with an 
average of ~10 (Table 6.1). In contrast, one sample of rhyolite type 4 from the 
hangingwall (TCF) has a Ti/Zr ratio of 15.7 (sample TH62C-46). The three 
petrographically defined types of dacite in the hangingwall have distinct Ti/Zr ratios and 
show less variability in Ti02 and Zr concentrations than footwall rhyolite. The positive 
trends for analyses of dacite type 1 and dacite type 2 are highly correlated and Ti/Zr 
ratios 
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Fig. 6.3: Immobile geochemistry of Thalanga volcanic units: Ti02 versus Zr and Zr/Ti02 
versus Nb/Y. 
(a) In a plot of Ti02 versus Zr, several highly correlated linear trends are apparent. 
Rhyolite types 1, 2 and 3 have a consistent Ti/Zr ratio of "4 whereas dacite types 
1, 2 and 3 have significantly higher Ti/Zr ratios. These linear trends indicate that 
Ti02 and Zr were immobile during alteration and that changes in their concentration 
at constant Ti/Zr ratio are related to overall mass changes. Andesites have high 
Ti/Zr ratios which are consistent with their mafic composition. 
(b) Fields for altered volcanics on a Zr/Ti02 versus Nb/Y diagram (Winchester & 
Floyd, 1977). The data for rryolite types 1, 2 and 3 plot in the field for rhyolites 
whereas data for rhyolite tywe 4 and dacite types 1, 2 and 3 plot in the field for 
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are fairly sjmilar (12.4 ± 0.4 and 11 ± 1, respectively). In contrast, dacite type 3 contains 
I 
significantly more Ti02 and has a higher Ti/Zr ratio (19 ± 1; Table 6.2). Andesites from 
the hangingwall have the highest Ti/Zr ratios in the Thalanga sequence, consistent with 
their mafic composition. 
A plot of Zr/Ti02 versus Nb/Y was designed by Winchester & Floyd (1977) in 
order to distinguish variably differentiated volcanic rocks using HFSE instead of 
potentially mobile major elements. In this diagram, all the data for footwall rhyolite plot 
in the field for rhyolite (Fig. 6.3b). Analyses of hangingwall dacite and rhyolite type 4 
have lower Zr/Ti02 than footwall rhyolite and may be classified as rhyodacites or dacites. 
Andesites plot in the basaltic or andesitic field. All ':'olcanic rocks at Thalanga have low 
Nb/Y ratios characteristic of subalkaline volcanic suites. This diagram shows that the 
classification of Thalanga volcanic units based on phenocryst populations is largely 
consistent with their geochemical signature in terms of HFSE ratios. However, rhyolite 
e 
type 4 has a somewhat less felsic composition than the footwall rhyolite, even though ~it 
contains an extremely high proportion of quartz and feldspar phenocrysts. 
On a regional scale, volcanic units belonging to different formations in the Mo~nt 
Windsor Subprovince can be discriminated in a plot of Th versus Ti02 (Stolz, 199,5). 
This is also the case for the rhyolites and the dacites in the Thalanga sequence (Fig. 6.4a). 
Samples of rhyolite types l, 2 and 3 have relatively low Ti/Th ratios and plot in the field 
assigned to the MWF whereas hangingwall dacites have Ti/Th ratios characteristic for the 
TCP. Data for rhyolite type 4 are limited because Th was only rarely analysed by Hill 
(1996). Most samples have high Th and low Ti02 concentrations, characteristic of MWF, 
however, Ti/Th ratios are somewhat elevated compared to footwall rhyolite. One analysis 
of rhyolite type 4 from the hangingwall (sample TH62C-46) has a Ti/Th ratio comparable 
to hangingwall dacite and plots in the field for the TCP. 
In previous studies concerned with the petrogenesis of VHMS successions, Zr 
versus Y diagrams have been used to identify volcanic suites- with different magmatic 
affmities (MacLean & Barrett, 1993; Barrett & MacLean, 1997; Lentz, 1998). Data from 
the Thalanga sequence show significant variability on such a diagram (Fig. 6.4b ). Samples 
of rhyolite type 1 are extremely variable but plot mainly in the tholeiitic field whereas 
analyses of rhyolite type 2 fall on the boundary between the tholeiitic and transitional 
fields. Samples of rhyolite type 3 have Zr and Y concentrations which plot exclusively in 
the transitional field. Samples of rhyolite type 4 have transitional Zr/Y ratios but some 
data poh?-ts fall within the calc-alkaline field. Hangingwall dacites have a comparatively 
restricted range of Zr/Y ratios ( ~5 to 6) and plot in the transitional field (Table 6.2). 
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Fig. 6.4: Immobile element geochemistry of Thalanga volcanic units: Th versus Ti02 and 
Zrversus Y. 
(a) On a regional scale, volcanic units of different formations in the Mount Windsor 
Subprovince can be distinguished on a Th versus Ti02 variation diagram (Stolz, 
1995). At Thalanga, data for rhyolites plot in the field assigned to MWF rhyolites 
except for one rhyolite type 4 occurring in the hangingwall which plots in the field 
for the TCF. Data for dacite types 1, 2 and 3 and andesite plot in the field for the 
TCF. Note that rhyolite fypes l, 2 and 3 have fairly similar, low Ti/Th ratios 
whereas samples of rhyolite type 4 have somewhat higher values. 
(b) Fields assigned to tholeiitic, calc-alkaline and transitional magmatic affinities have 
been defined by Barrett & MacLean ( 1997) based on Zr/Y ratios. On a Zr versus Y 
plot, ttle data for Thalanga volcanic units show a large spread. Data for rhyolites 
may i~dicate that magmatic affinities changed from dominantly tholeiitic for 
rhyolit,e type 1 to transitional for rhyolite types 2, 3 and 4. Dacite types 1, 2 and 3 
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6.2.3 Composition of least-altered rhyolites and dacites 
Least-altered samples of the different types of dacite and rhyolite were identified using 
petrographic and geochemical criteria. Petro graphically, rhyolites and dacites with 
preserved feldspar phenocrysts and quartzofeldspathic groundmasses containing minimal 
amounts of phyllosilicates were considered as least-altered. This criterion is based on the 
observation that originally glassy groundmasses in felsic volcanics devitrify to 
assemblages of quartz and feldspar (Lofgren, 1971; Smith, 1960). However, even though 
feldspar phenocrysts in the dacites are, in general, texturally unaltered, geochemical 
analyses indicate that these rocks commonly experienced Na-emichment (al bite 
alteration) (Fig. 6.2c ). Therefore, selection of least-altered samples based on 
petrographical criteria alone is not sufficient. 
Geochemical analyses of least-altered rhyolite are characterised by low MgO 
contents(< 1 wt.%), low S concentrations (< 0.05 wt.%), low CaO contents (< 2 wt.%) 
and intermediate K20 ratios (>25 and <60) which are typical features of fresh, modem 
felsic volcanic rocks (Le Maitre, 1976). The same criteria were applied to identify least-
altered dacite except for a higher level of CaO ( < 3 wt.%) to allow for the higher 
abundance of plagioclase. This selection process showed that 2 to 5 samples of each type 
of dacite or rhyolite may be regarded as least-altered and averages of these analyses are 
presented in Tables 6.1 and 6.2. In contrast to the compositional range encompassed by 
variably altered samples of rhyolite and dacite, the compositions of the least-altered 
equivalents are typical for common, high-silica, felsic volcanics (ie. high concentrations of 
Si02, K20, Na20 and incompatible trace elements; low concentrations of Fe20 3, MgO, 
CaO and compatible trace elements; Le Maitre et al., 1989). 
REE data 
The REE data for andcsitc and least-2lt~red equivalents of the various dacite and rhyulile 
types were normalised against chondrite and plotted in REE diagrams. In general, REE are 
considered to be immobile during alteration and low grade metamorphism, however it has 
been demonstrated that some REE may become mobile under certain conditions in the 
hydrothermal environment (Campbell et al., 1984; Whitford et al., 1988; MacLean, 1988; 
Schade et al., 1989; Chapter 8). Here, the data for least-altered samples are presented, in 
order to examine the primary characteristics of REE patterns and to consider their 
petrogenetic implications. 
,ai 
Table 6.1: Compositional range of rhyolites in the Thalanga sequence and composition of least altered eauivalents 
rhvolite tvoe 1 I rhvolite tvoe 2 rhvolite tvoe 3 rhvolite tvoe 4 
range of average standard least range of average standard least range of average standard leas I range of average standard least 
analvses n=93 deviation altered 11 analvses n=8 deviation altered 2) analvses n=12 deviation altered 31 anaivses n=15 deviation altered 4) 
s102 rwt.%1 37.2 to 87 2 752 8 1 77.9 74.3 to 83.1 . 77.9 25 78.8 65 3 to 83.0 764 5.3 77.3 65.7 to 74.0 70.0 2.6 72.1 
Ti02 005to023 0 09 0 03 0.11 0 06 to 0.13 0.10 0.02 0.10 0.08 to 0.23 0.13 0.04 0.14 0.25 to 0 35 0 29 0.03 0.30 
Al203 6 8 to 21 4 12 0 28 12.2 8 4 to 15 0 120 1 8 11.6 8310196 12 8 34 12.3 13 5 to 16.5 149 1 0 14.5 
Fe203 03310281 3 88 4 93 1.37 047 to 2.10 1 38 0.52 1.61 029to342 1.50 1.05 1.52 2.02 to 5.98 3 32 094 2.73 
MnO <0 01to0 50 0.06 0.09 0.02 <0.01 to 0.04 0.03 0.01 0.03 <0.01 to 0.10 0.03 0.03 0.03 0.03 to 0.14 0 05 003 0.04 
MaO 0 08 to 14 3 243 2 51 0.50 0.13 to 1.57 0.66 0.41 0.65 0.10 to 3.40 1.04 120 0.56 0 24 to 6 20 1.92 1.69 0.57 
cao <0 01to13.2 073 2 00 0.46 00310144 057 059 0.44 <0 01to1 44 0 39 045 0.65 09210720 215 1.53 1.53 
Na20 <0 01to5.9 1.38 1 59 4.04 0.71to4.59 232 1.21 3.51 0.15 to 4.06 207 1.53 3.56 1 16 to 5.75 4.12 1 31 5.16 
K20 0.38 to 13 1 3.81 227 3.21 116to8.0 4.80 2.07 3.12 245to902 5 37 2.03 3.77 0.55 to 4 10 2.64 112 3 03 
P205 <0.01 to 0.05 0.02 0 01 0.01 0.01to0.02 0 02 0.004 0.02 0.01to0.06 0.03 0.02 0.02 o.os to 0.20 0.08 0.04 0.06 
LOI 03to 157 26 25 0.5 0 Sto 1 6 08 04 0.7 0 4 to 3 8 1 3 1.2 0.7 
s <0.01to18.2 1.71 2.89 0.05 <0 01to1 04 029 0.36 0.15 <0.01 to 1.66 0.33 0.53 0.06 <0.01 to 0.43 0 08 014 0.03 
Ba 1nnml 97to 23,000 1,515 2,704 559 204 to 1,930 1,134 545 907 388 to 3 200 1,162 867 649 288 to 6,930 1,422 1,593 1183 
Cu <1to35,120 495 3,712 2 2 to 350 61 121 23 2to148 20 42 4 2 to 123 33 45 21 
Pb 3105320 157 628 11 510 240 51 79 9 5 to 365 46 101 8 6to 400 61 98 59 
Zn 
' 
8 to25,000 779 2,947 50 32to 1,160 189 390 47 610214 70 69 77 42 to 2,300 316 563 154 
er <1lo220 7 30 1 <1to3 2 1 2 <1to6 3 1 <1 2to 190 56 47 101 
Nb 8to40 15 4 14 9to20 13 3 13 12to26 16 5 14 9to 13 11 1 11 
NI <1 to20 2 2 2 <1to2 2 1 1 <1to3 2 1 1 3to 8 5 2 <5 
Rb 13to319 103 56 72 43 to 164 110 39 78 41to272 136 65 93 
Sr 2to401 50 54 68 33 to 95 62 24 67 19to84 46 19 57 
Th 5to24 13 4 13 Bto 16 13 3 10 8to23 13 4 12 10to 17 13 3 12 
v <1to38 3 6 <1 <1 to4 2 1 1 <1to1 3 1 <1 14to 19 
y 18to91 40 14 36 18 to48 36 10 33 20 to 60 37 12 39 17to 34 27 5 24 
Zr 76to 232 138 35 157 90 to 193 144 34 138 121to337 203 66 218 156 to 216 180 19 177 
Aa <0.1to54 1 5 66 0.1 <0.1toO7 0.2 0.2 <0.1 <0.1to0.9 02 02 0.3 <1 
As <1lo64 68 10.1 1.9 <1to19.2 3.0 6.6 1.1 <1to100 11 2 28.1 1.0 <1to110 19 0 28 0 14.0 
BI <0110413 7.4 42 8 0.2 <0.1to2.2 0.6 07 0.3 <011068 1 0 1.9 1.8 0.2 to 0.5 03 02 0.3 
Cd <0.1to49 1 9 6.8 0.1 <01 to59 11 2.0 0.2 <01to1 7 04 0.5 0.6 
Cs <0.1to4 9 1.0 0.9 0.8 03to1.1 06 03 0.6 0 2 to 1.9 11 0.6 1.0 
Mo <0.1 to74 4.4 98 0.2 <01 to70 2.0 3.0 0.3 0.2 to 31 46 90 0.5 
Sb <0.1to39 1 0 41 0.2 0 2 to 0.9 0.3 03 <0.1 <01to1.5 04 0.4 0.3 
Ti <0.1 to21 1 6 28 0.5 <01to12 06 04 0.3 O 3 to 8.7 1 8 23 0.8 
u 0 8 to 6 2 29 11 2.3 1.5 to 3 9 26 0.7 2.3 21to5.9 34 1.1 3.6 
Tl/Zr 3 Oto 6.0 3.9 0.4 4.1 3.5 to 5.4 4.2 05 4.2 3 0 to 4 5 39 0.4 3.8 7 6to 11 8 98 1 0 10.2 
ZrN 18to6.4 36 08 4.6 3 3 to 5 7 41 08 4.2 4.0to 7.1 55 0.9 5.6 6.3 to 6.8 6.5 04 7.6 
TVTh 29 to 80 43 9 50 31 to63 49 9 59 35 to 83 64 13 70 95 to 174 138 31 150 
NbN 0.17 to 0.66 038 0 07 0.41 0 31to0.48 0 38 0.05 0.39 02910063 0.44 0.10 0.38 0 29 to 0.65 0.44 0.11 0.48 
K20-ratlo 7to 100 76 26 44 20 to 89 66 22 47 38 to 98 71 22 51 1310 78 39 17 37 
REE: 120 analvses) 12 analvsesl 4 analyses) I 13 analyses l 
ICLaNbJN 30910158 6.79 2.80 3.09 3 9 to 7 2 7.2 1.24 to 3 96 3 09 3.96 7.01to9 87 8 01 7.1 
Eu/Eu' 03010099 ' 0.51 0.18 0.54 O 40 to 0.45 0.45 045 to 0 75 0 58 0.57 06910089 078 0.76 
1l avemae o1 samolesTHWH4 THRW9 THS-339 and TH394-142 REE data of samcle THWH4 2) averaae ol samo!esTH144B-34 TH247-74 endTH14S.54 REE data ol samole TH148-54 3) averaae of samolesTH410-323 THRW10 THAWS THAWS and THAWS REE data of sam le 
4) averaae of samoles APH-28 .o.i...>1--1.37_ APH-1 and APH-39 REE data al samole APH-39 (from dala documented In Hiii 1996 which onlv Included a llmlled ranee al !race elementsl Data for hanalnawall {HW\ rtwoltte nmo 4 samole TH62C-46 I 
















































Table 6.2: Compositional range of dacites in the Thalanga sequence and composition of least altered equivalents 
dacite type 1 dacite tvoe 2 dacite tvoe 3 
range ot average standard least range ot average standard least range of average standard least 
analvses n=11 deviation altered 5l analvses n=12 deviation altered 6) analvses n=15 deviation altered 7) 
5102 [wt.%] 64 9 to 82.0 749 39 74.6 65 7 to 81.7 76.1 --4-4 77.8 61.7 to 76 8 70 0 3.8 72.5 
Tl02 0.27 to 0 51 0.35 006 0.35 618to040 0 28 006 0.32 o© 0.40 to 0.55 0.47 0.04 0.49 
Al203 10 2 to 18.4 130 2.0 13.0 103to147 12.0 1 6 12.1 12.2 to 16.7 14.1 11 13.9 
Fe203 0.71to4.72 225 1.00 2.15 0.67 to 7.40 2.32 1.84 1.33 141 to971 3.45 1.87 3.08 
MnO 001 to0.15 006 004 0.05 <0.01 to 0.15 0 05 0.05 0.01 001to015 0.05 0.04 0.04 
M<10 0.29 to 4.85 1 02 124 0.57 013to257 0 63 0.72 0.23 O 29 to4.97 1.25 1.11 059 
cao 0.71to6 54 210 1.70 1.43 0.33 to 4.92 1 42 1 67 0.57 053to841 1.60 1.77 0.75 
Na20 1.47to 5 76 412 141 4.33 O 89 to 6.64 438 1 56 4.87 4.16 to 8 35 6.07 1 06 5.87 
K20 0 39 to 4.14 2 07 1.41 3.35 011to10.21 2.49 2.82 2.57 0.10 to 2 74 1.19 0.81 2.50 
P205 0.05 to 0.09 0 06 0.01 0.06 003to006 005 0.01 0.06 009to013 0.11 O.Q1 0.11 
LOI 0.3 to 3.8 1.0 1 0 0.5 04 to 2 6 1 0 08 0.6 0.310 3.3 1.0 08 0.4 
s <0.01 to 0.23 0.08 0.09 <0.01 <0 01to0.44 011 016 <0.01 <0.01toO36 0.07 0.12 <0.01 
Ba 1aamJ 5110 1,300 490 356 803 2310 8,360 1,250 2,394 794 18101,300 508 350 778 
Cu 2to26 6 7 7 3to46 15 15 4 <1to149 13 34 5 
Pb 3to 118 22 33 10 3to 60 15 16 7 4to214 28 58 110 
Zn 16 to 2,740 371 792 41 3to241 70 66 46 17to 919 142 208 211 
er 2to5 3 1 2 1 to4 3 1 2 <1to4 2 1 3 
Nb Bio 15 10 2 10 6to 13 9 2 11 7to 11 9 1 9 
NI <1to2 1 1 <1 1to3 2 1 2 <1to6 2 1 1 
Rb 13to 114 42 27 54 310131 52 45 50 2to 59 25 17 38 
Sr 60to 143 100 25 92 40 to 157 70 36 45 47to 194 99 37 64 
Th 6to 13 9 2 9 1to11 7 3 8 61010 7 1 7 
v 41029 9 7 8 2 to9 5 3 2 12to41 26 7 23 
y 23to 46 29 6 27 1810 35 28 6 30 23to 148 34 28 29 
Zr 129 lo 265 170 33 169 108 to 227 155 35 174 131to186 150 13 149 
A<1 <0.1to0.9 0.1 0.1 0.1 <01 to02 02 0.0 0.2 <0.1to0.9 02 02 0.2 
As <1 <1 <1lo13.8 24 38 1.0 0410 1.4 09 '0.5 <1 
81 <0 1to137 162 398 <0.5 <01to1 2 0.2 03 <0.5 <0.1to1.8 02 0.4 1.0 
Cd <01to30 4.0 9.0 <0.1 <01to1.5 04 05 0.5 <01 to31 06 0.9 0.7 
Cs 03to1 9 0.6 0.4 0.4 0.2 to 6.9 12 1 9 0.6 <0.1 to35 07 08 0.8 
Mo <0.1 to2.1 0.4 06 <0.2 <0.1to0 6 02 02 0.3 <0.1to2.0 05 0.5 0.7 
Sb <01 to07 03 0.2 0.3 <01to06 02 02 0.3 <O 1to1 2 04 03 0.3 
TI <0 1to1 O 0.3 03 0.4 <01to14 0.4 0.5 0.3 <0.1to0.8 0.3 0.3 0.3 
u 14to2.9 21 05 2.1 13to2.7 1.9 0.4 2.0 0.7 to 3 5 1 7 06 1.5 
TllZr 11.6to 13.0 12.4 04 12.4 9 3 to 12 9 11 0 09 11.0 17410213 18 7 1.0 19.7 
ZrN 5.0to 64 60 04 6.3 3 7 to 6 4 55 0.7 5.7 09to71 53 1 2 5.2 
TI/Th 23510 255 244 6 245 210 to 1380 347 343 244 328 to 462 393 34 421 
NbN 028to039 0.34 0 03 0.37 023to037 033 004 0.35 0.06 to 0.44 0.31 0.07 0.30 
K20-ratlo 6to73 33 21 44 2 to 92 32 26 34 1 to33 16 10 30 
REE: r5 analvsesl r 1 analvs1sJ (3 analvsesJ 
IClaNbJN 3.52 to 16 8 7 61 5.38 6.84 2.41 2 47 to 4 29 343 3.54 
Eu/Eu' 0.63 to 0.76 0.70 006 0.66 0.87 O 75 to 0.77 076 0.77 
5) averaae ol samoles TH382A-356 TH401-89 and TH402-321 REE data of samnle TH3B2A-356 6\ avera e of samnles TH28-139 TH28-304 and THFH4 REE data of samnle TH28-304 
7\ averaae of samnles TH10-17 and THBS-41 5 REE data of samnle TH38-421 I I 
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The petrologically most important features of chondrite-normalised REE diagrams 
I 
for volcanic rocks are: the concentration of REE compared to the chondrite standard, the 
shape of the REE pattern (indicating relative enrichment or depletion of light, middle or 
heavy REE), and the presence or absence of a negative Eu anomaly. These features are 
interpreted to be controlled by the mineralogical composition of the magma source, 
conditions during partial melting and fractionation processes associated with magma 
evolution (Wilson, 1989; Rollinson, 1993). 
Least-altered samples of rhyolite types 1, 2 and 3 have very similar REE patterns 
showing light REE (LREE) enrichment (La= 80 to 100 x chondrite, Fig. 6.Sa) suggesting 
that they were derived from a single parental magma These rhyolite types also have a 
pronounced negative Eu anomaly that may be related to ·fractional crystallisation of 
feldspar or to a process of partial melting during which feldspar was retained in the 
magma source. The REE pattern for rhyolite type 4 shows light REE enrichment of a 
- ~ 
similar magnitude but only a comparatively small negative Eu anomaly. 
Andesite has a relatively low total REE content (La = 10 x chondrite) and is 
characterised by a smooth pattern with minor LREE enrichmell\~- This is similar to the 
' 
characteristics of mafic volcanics in the TCF on a regional scale (Stolz, 1995). Dacite 
types 2 and type 3 have higher concentrations of REE (La = 30 x chondrite) and their 
patterns are essentially parallel to the one for andesite except 1for a small negative Eu 
anomaly. In contrast, REE data for dacite type 1 show a comparatively large range in 
(La/Yb )wvalues (3 .5 to 16.8, Table 6.2), a measure of LREE enrichment, and the pattern 
for least-altered dacite type 1 shows high LREE concentrations (La= 100 x chondrite ). 
·The REE patterns of dacite types 2 and 3 suggest that these felsic volcanic units 
evolved from a mafic parental magma by fractional crystallisation. The small negative Eu 
anomaly of dacites is an indication of minor feldspar fractionation during magma 
evolution. The strong LREE enrichment of dacite type 1, which is comparable to the 
LREE enrichment observed for rhyolites of the MWF, may indicate that this magma was 
influenced by interaction with the continental crust. 
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Fig. 6.5: Chondrite-normalised REE pattern for andesite and least-altered felsic volcanic 
units of the Thalanga sequence. 
Chondrite composition from Boynton (1984), as reported in Rollinson (1993). 
(a) REE patterns of least-altered rhyolite types 1, 2, 3 and 4. 
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Normalised multi-element diagrams (spiderdiagrams) are commonly used to compare the 
concentrations of large ion lithophile elements (LILE), HFSE and REE in ma:fic volcanics 
with the composition of the primitive, undifferentiated mantle or normal mid-ocean ridge 
basalt (N-MORB) (eg. Pearce, 1983). Spiderdiagrams comparing the composition of 
Thalanga volcanic units to N-MORB and the composition of the lower continental crust 
(LCC) (Wedepohl, 1995) are presented in Figures 6.6 and 6.7. 
All four rhyolite types show very similar patterns on the N-MORB normalised 
spiderdiagram (Fig. 6.6a). The LILE (Rb, Ba and K) and light REE are strongly enriched 
compared to N-MORB. Some HFSE and heavy REE are moderately enriched; Y and Yb 
concentrations are similar in the rhyolites and N-MORB. Troughs exist for Nb, Sr, P and 
Ti with particularly strong relative depletion of P and Ti in rhyolite types 1, 2 and 3. 
~ The pattern for andesite in the N-MORB normalised diagram is relatively smooth 
but shows marked troughs for Th and Nb (Fig. 6.6b ). Concentrations of heavy REE, Ti, 
Zr and Pare lower than in N-MORB. These features are similar to the patterns of other 
ma:fic volcanics in the TCF on a regional scale and comparable to the geochemical 
signatures of many modern, subduction-related, back-arc basalts (Stolz, 1995). The 
spiderdiagrams for dacite type 1, 2 and 3 are broadly similar and have ragged shapes with 
pronounced troughs for Sr, P and Ti. A minor negative deflection exists for Nb for dacite 
1 types 2 and 3 whereas dacite type 1 shows a significant trough for Nb due to its 
comparatively high concentrations of La and Ce. 
All four rhyolite type are largely similar to the LCC for most elements (Fig. 6.7a). 
However, Sr, P and Ti are relatively depleted, especially in rhyolite types 1, 2 and 3. In 
contrast, the data for andesite show consistently lower concentrations than LCC with a 
somewhat irregular pattern (Fig. 6.7b). The dacites show generally similar patterns to 
those of the rhyolites, with less strongly developed troughs for P and Ti. However, dacite 
types 2 and 3 have relatively low LREE (La and Ce) contents compared to the LCC (Fig. 
6.7b). 
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Fig. 6.6: Spiderdiagrarns for andesite and least-altered felsic volcanic units of the Thalanga 
sequence normalised to the composition ofN-MORB. 
N-MORB composition from Saunders and Tarney (1984), as reported in Rollinson 
(1993). 
(a) Spiderdiagrarns ofleast-altered rhyolite types 1, 2, 3 and 4. 
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~.. t -, 
Fig. 6.7: Spiderdiagrams for andesite and least-altered felsic vo~canic units of the Thalanga 
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6.3.1 Comparison of geochemical characteristics and petrogenetic implications 
The presented data show that the volcanic units of the Thalanga sequence have a number 
of important, primary geochemical features. These are generally consistent with the 
current model for the tectono-magmatic evolution of the Mount Windsor Subprovince 
(Stolz, 1995). The immobile element composition and the REE characteristics of footwall 
rhyolites and hangingwall dacites are similar to felsic volcanic rock of the MWF or the 
TCF on a regional scale. However, rhyolite type 4 in the Favourable Horizon (MWF) 
shows Ti/Zr-, Ti/Th-ratios which are intermediate between the values for footwall 
rhyolites and hangingwall dacites. 
The quartz ± feldspar-phyric, highly siliceous footwall rhyolites in the Thalanga 
sequence belong to the regionally extensive, rhyolitic MWF which has been derived from 
extensive melting of continental lithosphere (Stolz, 1995). They are characterised by low 
Ti/Zr and Ti/Th ratios and have pronounced negative Eu anomalies. Their composition in 
terms of LILE, HFSE and REE is similar to the LCC except for strong relative depletion 
of Sr, P and Ti. These features could be interpreted as evidence for feldspar, apatite and 
Ti-oxide or Ti-Fe-oxide crystal fractionation or formation of a restite containing these 
minerals in the magma source. 
In general, immobile element data indicate that the pnmary geochemical 
composition of footwall rhyolite was fairly homogeneous. However, differences in Zr/Y 
ratios among the rhyolite types suggest minor variations in magma genesis and evolution. 
It is possible that some of the variability in the Zr versus Y plot (Fig. 6.4b) is related to 
minor mobility of Y during alteration, however, the systematic differences in Zr/Y ratios 
between distinctive rhyolite types suggest that the variations_ reflect pnmary 
compositional features. Furthermore, Zr/Y ratios of least-altered equivalents conform 
with the general trends described above (Table 6.1). Consequently, the changes in the 
Zr/Y ratio of rhyolites probably result from compositional differences in the crustal 
magma source, variations in the degree of partial melting, differences in the mineralogical 
composition of the restite or processes related to magma evolution (assimilation, 
fractionation, magma mixing). 
Samples ofrhyolite type 4 have significantly higher Ti/Zr ratios than rhyolite types 
1, 2 and 3 and are less Si02 -rich (72 wt.%, Table 6.1) than least-altered samples of the 
other rhyolite types. Furthermore, the coarse quartz phenocrysts of rhyolite type 4 
show abundant resorption textures indicative of disequilibrium between the melt and 
quartz whereas quartz phenocrysts in rhyolite types 1, 2 and 3 are euhedral (Fig. 5.1). 
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These observations indicate that the petrogenetic evolution of rhyolite type 4 was 
different from that of the other rhyolite types. 
On a regional scale, geochemical and isotopic data indicate that the ma.fie to felsic 
volcanic units of the TCF belong to one co-magmatic suite derived from an 
asthenospheric mantle source (Stolz, 1995). However, Nd-isotope evidence also show 
that some felsic members of the suite were variably contaminated through interaction 
with the continental crust. The REE data for hangingwall dacites at Thalanga are 
consistent with this model. 
Dacite types 2 and 3 have REE pattens similar to those of andesite but show minor 
negative Eu anomalies and higher overall REE concentrations. Assuming that the andesite 
and dacite represent different stages of magmatic evolution, these REE patterns suggest 
that olivine, pyroxene and plagioclase were involved in fractional crystallisation. These 
minerals have small partition coefficients for REE elements, except Eu which is highly 
compatible in plagioclase. Dacite type 1 shows strong enrichment of LREE whereas the 
concentrations of heavy REE are similar to the values for dacite types 2 and 3. This 
LREE enrichment could be the result of interaction with continental crust similar in 
composition to the source of footwall rhyolites. 
6.3.2 Speculation on the petrogenetic evolution of volcanic units in the Thalanga 
sequence 
The primary geochemical characteristics of the footwall rhyolites show that they 
represent a compositionally largely homogeneous group. Nevertheless, the consistent 
petrographic differences in quartz and feldspar phenocryst abundance and size range 
among the rhyolite types 1, 2 and 3 indicate that they were derived from separate magma 
batches. These rhyolitic magmas, with distinctive phenocryst populations, may have 
evolved in a magma chamber that was periodically replenished with new batches of 
-
crustal melts. In this model, periodic eruption of rhyolite would successively tap magmas 
with slightly different phenocryst content giving rise to the different rhyolite types 
observed. In a similar fashion, the differences in Zr/Y ratio among the rhyolites could be 
related to variations in the composition of magmas supplied or compositional evolution 
within the magma chamber. 
· It is possible that towards the end of rhyolitic volcanism, abundant, coarse quartz 
and feldspar phenocrysts accumulated in the gradually cooling, residual magma. This 
highly viscous phenocryst-rich magma would be expected to have a bulk rock 
composition broadly similar to, or somewhat more felsic than, the composition of 
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previously erupted rhyolites type 1, 2 and 3. However, the data for least-altered rhyolite 
type 4 show that the groundmass probably has a relatively mafic composition and 
textural evidence indicates disequilibrium between quartz phenocrysts and melt. The Si02 
content of the groundmass can be estimated by a simple calculation. Assuming that 
25 vol.% of the rock is represented by quartz phenocrysts (100 wt.% Si02) and 25 vol.% 
by K-feldspar (65 wt.% Si02) the remaining 50 vol.% of groundmass must have a Si02 
concentration of about 62 wt.% in order to obtain the total of 72 wt.% given by bulk rock 
analyses of least-altered rhyolite type 4 samples. This suggests that rhyolite type 4 may 
have been derived from a slightly different source or evolved following a different 
fractionation path than ~l'iyolite type 1, 2 and 3. Further study, including analyses of melt 
inclusions in quartz phenocrysts and geochemical and isotopic analyses of groundmass 
separates are required in order to elucidate the petrogenesis of rhyolite type 4. 
The geochemical features ofhangingwall dacite and andesite indicate that they were 
derived from a different source than the rhyolites ( asthenospheric mantle, Stolz, 1995). 
The shapes of REE patterns of dacite types 2 and 3 and andesite are similar except for 
the small, negative Eu anomaly present in the dacites. These features are consistent with a 
model involving fractional crystallisation of common crystal phases such as olivine, 
pyroxene and feldspar from a mafic parental magma. However, dacite type 1 probably 
experienced significant interaction with continental crust leading to variable enrichment of 
LREE. The aphyric texture of dacite type 1 suggests that the magma was relatively hot 
and/or vapour-rich compared to dacite types 2 and 3, and may have more readily 
assimilated country rocks. 
The Z/Y ratios of hangingwall dacites and footwall rhyolites are <7 which is 
characteristic for volcanic sequences with tholeiitic or transitional magmatic affmities 
(Barrett & MacLean, 1997; Lentz, 1998). This is consistent with the interpretation of an 
extensional tectonic regime which has been previously proposed for the Mount Windsor 
Subprovince (Stolz, 1995). It is also similar to the Zr/Y values of other VHMS-hosting 
volcanic successions and satisfies one of the criteria for prospective volcanic belts 
suggested by Lentz (1998). 
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6.4 Summary 
The Thalanga sequence is dominated by felsic volcanic units belonging to the MWF and 
TCF. The original bulk rock compositions have been significantly modified due to 
alteration. However, immobile elements and the composition of least-altered samples can 
be used to characterise the primary geochemistry of the Thalanga volcanic units. 
Importantly, immobile element ratios, such as Ti/Zr and Ti!Th, allow di~crimination of 
different types of volcanics in the Thalanga sequence and immobile element ratio plots 
show that geochemical classification based on HFSE conforms with the field classification 
based on phenocryst populations. 
The immobile element data and the composition of least-altered samples indicate 
that rhyolite types 1, 2 and 3 in the MWF represent a compositionally homogeneous 
group. However, variations in ZrN ratios suggest that minor primary compositional 
differences existed which could be related to magma genesis or magma evolution. It is 
suggested that the petrographically distinct rhyolite types 1, 2 and 3 are related to the 
periodic tapping of a magma chamber which evolved texturally and in terms of Zr and Y 
content. 
REE data imply that hangingwall dacites may have evolved from a mafic parent 
magma by :fractional crystallisation of olivine, pyroxene and plagioclase. However, LREE 
enrichment of dacite type 1 suggests that interaction of dacite magma with continental 
crust may have also occurred. This interpretation is consistent with Nd-isotope data for 
other felsic volcanic units in the TCF presented by Stolz (1995) which suggest that 
fractionation was typically associated with assimilation of continental crust. 
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7 Alteration and alteration facies 
7.1 Introduction 
In this chapter, the effects of alteration on the mineralogy and texture of footwall rhyolite 
and hangingwall dacite are examined and several alteration facies are defined based on 
dominant mineral assemblages and alteration intensity. These modifications may 
represent the result of a combination of processes, including diagenesis, sub-seafloor 
metamorphism and hydrothermal alteration associated with the formation of massive 
sulphides, that overprinted the various lithofacies in the Thalanga sequence after 
deposition. It is inferred that hydrothermal activity related to mineralising processes 
generated the moderate to intense alteration facies defining the footwall alteration zone 
below the Thalanga deposit. Weak alteration facies are common in the hangingwall dacites 
and the processes responsible for their formation are discussed in Chapter 9. 
Alteration of host rocks is an integral part of hydrothermal processes associated 
with the formation of VHMS deposits. Chemical processes during fluid/rock interaction 
are complex and often result in substantial compositional and textural modifications. 
Hydrothermal alteration involves reactions of the fluid with the glassy or partially 
devitrified groundmass of volcanic rocks and destruction of phenocrysts such as 
plagioclase, alkali feldspar, pyroxene or olivine. Chemical components of the 
hydrothermal fluid may be incorporated into secondary, hydrothermal minerals such as 
chlorite, illite, smectite or other clay minerals which may form at the expense of volcanic 
glass, phenocrysts or crystalline groundmass. Hydrothermal processes are controlled by a 
number of variables including composition and mineralogy of the rock, characteristics of 
the fluid (eg. composition, pH,}02), temperature, pressure and water to rock ratio. 
Commonly observed alteration assemblages in host successions of VHMS deposits 
may be referred to as sericitic, chloritic, silicic or carbonate alteration depending on the 
predominant hydrothermal minerals (Thompson & Thompson, 1996). At Thalanga, the 
altered rocks have been affected by upper greenschist facies metamorphism and converted 
to a variety of assemblages including muscovite-chlorite-biotite, tremolite-chlorite-calcite 
and albite-epidote-actinolite. These mineral assemblages represent the metamorphic 
equivalents of minerals formed during alteration. A discussion concerning the possible 
precursors of the various metamorphic assemblages in the Thalanga sequence is presented 
in Chapter 3 with a summary provided in Table 3 .1. 
The broad (~3,000 m along strike), phyllosilicate-rich and feldspar-destructive 
alteration zone below the Thalanga deposit is texturally, mineralogically and 
geochemically complex and extends at least 300 m stratigraphically into the footwall. 
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Contacts with the surrounding, least-altered rhyolite are gradational. The strata-bound or 
semi-conformable geometry of the Thalanga footwall alteration zone contrasts with 
discordant alteration pipes found beneath some Archean VHMS deposits in Canada 
(Hutchinson et al., 1982; 'Barrett & MacLean, 1994a), the Tertiary Kuroko deposits in 
Japan (Ohmoto & Skinner, 1983) and the Hellyer deposit in western Tasmania (Gemmell 
& Large, 1992). However, footwall alteration zones of several other Australian volcanic-
hosted massive sulphide (VHMS) deposits are strata-bound or semi-conformable (Large, 
1992). Examples of sheet-style VHMS deposits with strata-bound footwall alteration 
zones include the Rosebery, Mount Chalmers, Que River, Woodlawn and Thalanga 
deposits (Large, 1992). 
In this chapter, the mineralogical and textural characteristics of alteration in the 
Thalanga sequence are described and a number of alteration facies that reflect variations in 
the intensity and conditions of alteration are defined. The distribution of alteration facies 
in cross sections through West, Central and East Thalanga are presented and discussed. 
The likely alteration processes and implications for the evolution of the Thalanga 
hydrothermal system are discussed in Chapter 9. 
7.2 Logging alteration at Thalanga 
Logging of alteration in diamond drill core involved recording the types, relative 
abundance and distribution of non-primary minerals (ie. alteration minerals and their 
metamorphic equivalents). This information allowed the definition of alteration facies. 
Abundance and approximate distribution of non-primary minerals are displayed as 
graphic strip logs alongside the lithofacies interpretation of the drill holes ( eg. Fig. 7 .1 ). 
Logs for all drill holes examined in sections 1 to 6 are presented in the Appendix. 
Estimates of abundances of sericite, chlorite and biotite, disseminated pyrite, pyrite 
veins, tremolite c.ind carbonate, epidote and hematite are given. The main styles of 
alteration - pervasive, domainal, patchy and vein-style - are presented by different 
patterns. Estimates of mineral abundances based on examination of drill core hand 
specimen were checked against data from thin sections and corrected where necessary. 
Fine-grained white mica is abundant in altered rhyolite and can be recognised in 
hand specimen and in thin section. The term 'sericite' has been used as a descriptive term 
for this phase, without reference to any particular mineral composition (Deer et al., 
1992). However, microprobe analyses show that 'sericite' at Thalanga has the 
composition of muscovite (Chapter 4, Fig. 4.3). Chlorite and biotite were assigned to 
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Fig. 7.1: Example of·a graphic drill hole log (DDH TH61, section 6) showing lithofacies 
characteristics, abundance and distribution of non-primary minerals, and interpreted 
alteration facies. 
A brief description of the lithology and alteration is also provided. Logs for drill 
holes from sections 1 to 6 are assembled in the Appendix, together with the 
geological interpretations of the cross sections which are also illustrated in Figures 
7.5 to 7.7. 
TH61 - drill hole log (section 6, East Thalanga) 
lithological log estimate of mineral abundances 
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weakly to moderately altered , aphyric to poorly 
fsp phyric, fine dacite type 1 
altn: 
- locally strong pervasive red hematite altn 
- pervasive dark green, foliated, chl-ser altn 
- minor epi 'blebs' 
blue qtz-fsp xls rich breccia (facies F) with mudstone 
and siliceous, rhyolite type 1 clasts 
qtz: blue, round, 5-15 mm; fsp: white, euhedral laths, 2-7 mm in foliated 
chl-ser matrix; xls concentration ranges from 20-80%, locally ?normal 
¥~~d6~~·1~Y:0~~e c~8~~ ~1 1i6~0~~! ~f::2~!?n~~5~ifd~~one 
intruded by diorite with chilled margins 
massive and semi massive sulphide interval: 
top: sharp contact 
/semi-massive sulphide with grey siliceous rhyolite 'clasts' 
2 5 m massive sulphides (PY>Sph>Cpy; 20 cm wide) ·~ ~~~i~:~~~ft:{~oh~~ ::~h9frey siliceous rtlyollte 'clasts' 
base: faulted contact 
monomictic rhyolite breccia with siliceous rhyolite 
clasts and a phyl-rich matrix 
diverse alteration textures: 
- foliated chl-ser bands in grey silica app. matrix 
- chloritic pseudoclasts in white or light grey siliceous 
pseudomatrix 
- white silica intervals with minor spotty phyl 
lisp phen absent 
mod qtz-fsp phyric, medium rhyolite type 1 - lava 
qtz phen: - 3%, 1-5mm, commonly bluish 
fsp phen: - 2%, - 1 mm 
fsp phen only present in weakly altered basal part 
altn: alternating between ser-chl (foliated) and 
white quartz-K-feldspar alteration, often domainal (apparent elastic Ix) 
chV py · py carbl alteration 





0 dacite (type 3) 
~ dacite (type 2) 
D dacite (type 1) 
I'\ ~ I rhyolite (type 4) 
I.,,...,._ ~ I rhyolite (type 3) 
0 rhyolite (type 2) 













alteration intensity - drill hole logs 
(as indicated by mineral abundances) 
in situ monomictic 
breccia (facies A) 
rhyolite breccia 
(facies B and C) 
monomictic dacite breccia 
(facies B) 
polymictic dacite breccia 
(facies D) 
polymictic rhyolite-dacite breccia 
(facies E1 , E2, and E3) 
Quartz-Eye Volcaniclastics 
(facies F) 
quartz crystal -rich sandstone 
(facies G1) 
feldspar-quartz crystal-rich 
sandstone (facies G2) 
mudstone (facies H1) 
mudstone interbedded with volcani-
clastic sandstone (facies H2 
includes facies G3) (on section 1, 
Fig. 7.5a) 
alteration facies 
dacite pumice clasts 
siliceous and calcareous facies 
(facies I) 
massive or semi-massive sulphides 
sharp contact 
-,---, intrusive contact (cross section) 
no line gradational contact 
-·-
03 - fault (cross section) 
= fault (drill core logs) 
D weak alteration (3-10% for sericite, chlorite or biotite, 1-5% for disseminated pyrite) D mottled alteration facies 
D 
D 
moderate alteration (10-20% for sericite, chlorite 
or biotite, 5-20% for disseminated pyrite, >75%for 
groundmass quartz) 
intense alteration (>20% for sericite chlorite or 
biotite, >20% disseminated pyrite and intense 
silicification) 
domainal alteration; weakly and moderately 
altered intervals/domains (cm tom scale) 
domainal alteration; moderately and intensely 
altered intervals/domains (cm to m scale) 
QJ patchy alteration (weak, moderate or intense) 
~ some veins (-1 -3 per core meter) 
~ abundant veins (3-1 O per core meter) 
~ very abundant veins (> 1 O per core meter) 
D quartz-K-feldspar alteration facies 
quartz-pyrite alteration facies 
chlorite-pyrite alteration facies 
disseminated-tremolite alteration facies 
• carbonate-chlorite-tremolite alteration facies 
D hematite dusting 
• epidote alteration facies 
patchy epidote and 
hematite alteration facies 
Fig. 7.1 
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one category ('chllbio') during alteration logging because it was usually impossible to 
obtain reliable separate estimates for their relative abundances in hand specimen due to 
the intimate intergrowth of these two minerals. In some instances, the column for 
disseminated pyrite ('diss. py*') was used to show the combined abundance of several 
sulphide minerals, in which case the types of sulphides observed are marked on the log. 
'Hematite dusting' refers to alteration involving fine, submicroscopic, disseminated 
hematite crystals that resulted in a bright red colouration of phyllosilicate-poor 
groundmasses in weakly altered dacites or rhyolites. 
7-.3 Alteration facies and alteration grade 
The term 'alteration facies' is used in a strictly descriptive sense as proposed by Riverin 
and Hodgson (1980) and refers to rock units with characteristic mineralogical and 
textural features which can be identified during the course of mapping and drill core 
logging. The various alteration facies can be grouped according to alteration intensity 
which describes the abundance of non-primary minerals and the intensity of textural 
modifications of the rocks (Table 7.1). In least-altered quartz-feldspar-phyric rhyolite, 
plagioclase and alkali-feldspar phenocrysts are unaltered and the quartzofeldspathic 
grotindmass locally contains remnant primary textures such as relic perlite and 
spherulites (Figs. 2.1 a and 5 .3a). Weak alteration is texturally undestructive and 
characterised in hand specimen by patchy or vein-controlled occurrences of 
phyllosilicates, epidote and hematite. In contrast, mottled alteration facies (moderate 
alteration intensity) is feldspar destructive and distinguished by a significant increase in 
muscovite, chlorite and biotite in the groundmass accompanied by minor disseminated 
pyrite. Intense pyritic alteration is usually associated _with intense silicification of the 
groundmass and contains abundant disseminated pyrite and pyrite veins. In addition, 
intense calcareous alteration is repres~nted by carbonate-chlorite-tremolite-rich rocks. 
The mineralogy of alteration facies at Thalanga is summarised in Table 7 .1. 
. . 
Table 7.1: Mineralogy of alteration facies at Thalanga 
' 
increasing alteration intensity 
altn 1ntens1ty: weak moderate 
least albite altn hematite epidote phyllosillcate 4l diss. tre. qtz-K-fsp 
altn facies: altered ' dusting altn altn altn altn 
quartz'' •• •• ••• •• •• •• ••• 
primary fsp~1 •• 0 • Otoe • 0 0 
K-feldspar1 •• 
al bite •• ~ 
muscovite • 0 • • eto•• 0 0 
chlorite 0 0 Otoe 0 
biotite 0 0 ' 0 • ' 
epidote 0 •to•• • 
actinolite • 
tremolite •to•• 
calcite Otoe Otoe 
hematite ?• 
pyrite 0 





















3>: K-feldspar in quartz-K-feldspar alteration facies 1s interpreted to represent a hydrothermal alteration product of primary feldspar. ·; 
4): variable proportions of muscov1te, chlonte and biotite; footwall rhyolite is generally muscov1te-dominated with minor pyrite; biotite-dominated in hangingwall dscite (no pyrite). 
5l: also contains'barite locally. 
O: rare; '@: common; • e: abundant; • • e: dominant 
abbreviallons: altn: alterallon; carb: carbonate; chi: chlorite; K-fsp: K-feldspar, py: pyrite; qtz: quartz; Ire: tremolite 
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-intense : 










7.3.1 Weak alteration 
Weak alteration encompasses four different . fades'. phyllosilicate alteration, epidote 
alteration, hematite dusting and albite alteration. Phyllosilicate alteration in the footwall 
rhyolite is muscovite-dominated whereas biotite is the dominant mineral of this alteration 
facies ir,t the hangingwall dacite. Albite alteration, hematite dusting and epidote alteration 
are particularly common in the phyllosilicate-poor hangingwall dacite but also occur 
sporadically in the footwall rhyolite. In general, feldspar phenocrysts are preserved in 
weakly altered rocks and primary volcanic textures can be identified occasionally. 
Phyllosilicate alteration 
The muscovite-dominated phy llosilicate alteration facies is common at the margins of the 
footwall alteration zone but is also present ill the outcrop section 5 km to the west of the 
Thalanga deposit. Patchy remnants of original quartzofeldspathic groundma.Ss and 
feldspar phenocrysts are generally present and boundaries with the least-altered rhyolite 
or moderately altered rhyolite are gradational (Fig. 7.2a). In the hangingwall, phyllcisilicate 
l 
alteration is biotite-dominated with disseminated biotite typically formmg an 
interconnected network within the quartzofeldspathic groundmass of the dacites (Fig. 
7.2b; Fig. 3.4a). In general, phyllosilicate-altered rhyolite and dacite contain less than -10 
I 
vol.% combined muscovite, biotite and chlorite. 
Epidote alteration 
Epidote alteration is typically vein-controlled but also occurs as irregular patches in the 
quartzofeldspathic ground.masses of weakly altered dacite and rhyolite (Fig. 7.2c, d). 
Epidote is often associated with calcite or actinolite; however, minor muscovite, chlorite 
and biotite can also be present. Epidote alteration is particularly common in the 
hangingwall dacite and locally associated with hematite dusting, resulting in a 
characteristic red and green colouration of the rock (Fig. 2.3e). Epidote alteration is rare in 
the footwall and largely restricted to syn-volcanic rhyolite intrusions in West and Central 
Thalanga. 
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Fig. 7.2: Examples-of weakly altered rhyolite and dacite. 
(a) Weak phyllosilicate alteration in rhyolite is dominated by muscovite±biotite, 
typically showing a patchy distribution. Feldspar phenocrysts are preserved in 
remnant siliceous domains (s) of least-altered rhyolite. This alteration facies is 
common on the fringes of the footwall alteration zone and grades into mottled 
alteration facies. However, patches of phyllosilicate alteration occur sporadically 
within least-altered rhyolite outside of the footwall alteration zone and in the 
outcrop section (a: altered domain; sample TH243A-86.0; section 2). 
(b) Phyllosilicate alteration in hangingwall dacite is biotite-dominated. Biotite (b) 
commonly forms interconnected networks within the quartzofeldspathic 
groundmass of the dacite. Sample TH40-68.50 represents a particularly clear 
example of phyllosilicate alteration of a siliceous dacite clast within monomictic 
da~ite breccia (section 1). 
(c) Epidote alteration (e) and hematite dusting (h) in the footwall rhyolite (samples 
Tfll 12-370 [top], THl 12-388.60 [middle], and THI 12 404.40 [base]; section 3, 
C~ntral Thalanga). 
( d) Epidote alteration is abundant in the hangingwall dacite and may be accompanied 
b'y carbonate (arrow) and/or actinolite (sample TH62C-825.20). 
( e) H~matite dusting is common is coherent facies of hangingwall dacite and may show 
pervasive, patchy or vein-controlled distribution (samples TH402-320.80, TH402-
175.50, TH402-123.0 and TH402-88.30, left to right). 
(f) Dacite in direct contact with an apophysis of the post-D2 diorite pluton has a red 
margin due to hematite dusting. It is suggested that thermal oxidation of iron oxide 
microcrysts ( <1 µm) in the groundmass of the dacite may be responsible for the 
formation of hematite ( d: dacite, dio: diorite; sample TH402-330. l 0). 
(g) Epidote alteration and hematite dusting occur locally in post-D2 diorite intrusions. 
This indicates that these alteration facies may post-date hydrothermal- activity at 
Thalanga (sample TH144B-392.80). 
(h) Albite alteration in the hangingwall dacite has no reliable textural expression. Many 
albite-altered samples are texturally unaltered in hand sp~cimen. Sample THl 8-89. 7 
shows clear geochemical indications for albite alteration (Na20 = 7.7 wt.%; 
K20 = 0.1 wt.%; CaO = 1 wt.%; K20/K20+Na20 = 0.01) but was logged as least-




Disseminated, submicroscopic hematite crystals are inferred to , be the cause of red 
colouration of the siliceous, quartzofeldspathic groundmasses of weakly altered dacites 
(Fig. 7 .2e ). Locally, this type of alteration is also present in weakly altered rhyolite in the 
footwall (Fig. 7 .2c ). Hematite dusting occurs as selvedges along quartz veins or as patchy 
domains irregularly scattered through the rock. In thin section, red domains are 
mineralogically identical to the surrounding quartzofeldspathic groundmass except for a 
significant coarsening of quartz and feldspar groundmass crystals. 
At one locality in the hangingwall, dacite in co1;1tact with a post-D2 diorite intrusion 
shows a 2 cm wide, red margin (Fig. 7.2f). This observation suggests that thermal 
oxidation of Fe-oxide microcrysts (<1 µm in diameter) resulted in the formation of 
hematite microcrysts causing the red colour. Furthermore, hematite dusting and epidote 
veins also occur locally in apophysae of the post-D2 diorite ~luton in East Thalanga (Fig. 
7.2g, Table 7.2). 
Albite alteration 
Hangingwall dacites are commonly Na20-rich (4 to 7 wt.%) and relatively K 20-poor (2.8 
to <0.1 wt.%) (Chapter 6) and consequently have lo'Y values for the K20-ratio 
(100*K20/[Na20 + K20]) which is characteristic for Na-mytasomatism (Hughes, 1973) 
(Fig. 6.2b,c). However, Na-enrichment did not result in any particular textural feature and 
hand specimens of the hangingwall dacite with low K20-ratio typically appear unaltered 
(Fig. 7.2h). In thin section, the feldspar phenocrysts of such samples are texturally 
unaltered and the groundmasses consist of microcrystalline, quartzofeldspathic 
assemblages. Phyllosilicates are a minor component and <3 vol.% fine biotite may occur 
within the groundmass. 
A plot of CaO versus NE!.20 (Fig. 7.3) shows that Na20-enricbment is not 
correlated with high CaO concentrations and therefore it is inferred that the anorthite 
component of feldspars in Na-rich hangingwall dacites is low. Hangingwall dacites with 
elevated CaO values are epidote-altered and have comparatively low Na20 
concentrations. These geochemical data and petrographic observations suggest that Na-
enrichment in the hangingwall dacite is due albite alteration of feldspar phenocrysts and 
fine-grained feldspar crystals in the groundmass. 
136 
Fig. 7.3: Geochemistry ofhangingwall dacite: Na20 versus CaO. 
A plot of N a20 versus CaO shows that dacite samples with high sodium 
concentrations contains 1 wt.% CaO. This is consistent with the interpretation 
that the hangingwall dacite experienced widespread albite alteration reflected in low 
values for the K20-ratio (Fig. 6.2c). 
















xcombined hemat1te dusting and ep1dote alteration 
6 
L> texturally unaltered dac1te and weak phyllos1ilcate alteration 
7 8 9 
Fig. 7.3 
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7 .3.2 Moderate alteration 
Alteration intensity increases in the ma.ID part of the Thalanga footwall alteration zone 
and is marked by a gradual increase in abundance of muscovite, biotite and chlorite in the 
groundmasses of rhyolites, disappearance of feldspar phenocrysts, occurrence of 
disseminated pyrite and substantial textural modifications. These features are 
characteristic of the mottled alteration facies. Moderate alteration also includes quartz-K-
feldspar and disseminated tremolite alteration facies that occur preferentially on the 
fringes of the broad footwall alteration zone. 
Mottled alteration 
The bulk of the Thalanga footwall alteration zone consists of feldspar-destructive, 
phyllosilicate-dominated alteration facies which shows substantial textural variations and 
a generally mottled appearance (Fig. 7.~ a, b). This alteration facies is characterised by 
variable amounts and relative proportions of chlorite, muscovite, biotite and minor pyrite 
disseminated in the quartz-rich grounpmass of altered rhyolite. Remnants of feldspar 
phenocrysts, pseudomorphed by bibtite and muscovite, are rare. Typically, the 
abundance and relative proportions of muscovite, chlorite, biotite and quartz in the 
groundmass vary considerably on a hand specimen scale and textures which superficially 
I 
resemble elastic volcanic facies are abundant (Fig. 7.4b; see also Figs. 2. lc and 4.7e). This 
I 
feature, which is related to domainal or multi-phase alteration, is common in footwall 
alteration zones below VHMS deposits and has frequently led to the misinterpretation of 
altered footwall rocks as primary pyroclastic facies (Allen, 1988). Textural criteria used 
for discriminating genuine elastic facies from coherent facies with apparent elastic textures 
are presented in Chapter 5 and in Paulick & McPhie (1999). 
Although the texture of the mottled alteration facies varies substantially, th,ree main 
textural patterns occur. These include: strongly foliated textures in phy llosilicate-rich 
altered rhyolite (Fig. 7.4a), pseudoclastic textures with wispy, phyllosilicate-rich 
domains and lensoidal quartz-rich domains (Fig. 7.4b), and 'blotchy' textures with round 
to lensoidal chlorite-rich apparent clasts in a quartz-muscovite-rich apparent matrix 
(Fig. 4. 7 e ). These different textures probably represent variations in the combined effects 
of original, heterogeneous glassy versus crystalline domains in the coherent rhyolite, 
domainal and/or multi-phase hydrothermal alteration, and recrystallisation during regional 
and contact metamorphism. 
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Fig. 7.4: Examples of moderately to intensely altered rhyolite. 
(scale in centimetres) 
(a) Feldspar-destructive, mottled alteration facies is dominant in the footwall alteration 
zone and is characterised by variably abundant muscovite, chlorite and biotite 
representing metamorphic equivalents of hydrothermal phyllosilicates. Textures in 
the mottled alteration facies are variable on a hand specimen scale. This 
phyllosilicate-rich example was foliated during regional deformation (D2) (sample 
TH394-114.0; section 6). 
(b) In the mottled alteration facies, relative abundances of quartz, muscovite, chlorite 
and biotite in the groundmasses commonly vary between separate domains. This 
image shows a typical example of coherent footwall rhyolite which has a 
groundmass consisting of quartz-rich and muscovite-biotite-rich domains (sample 
TH245-224.40; section 2). Such textures are easily mistaken as primary 
volcaniclastic textures. Criteria used to distinguish coherent facies with apparent 
elastic textures due to alteration from genuine volcaniclastic facies &-e discussed in 
Chapter 5. Other examples of the textural variability in the mottled alteration facies 
are documented in Figs. 2.lc and 4.7e. 
(c) K-feldspar is abundant in the siliceous groundmass of quartz-K-fe~dspar alteration 
facies. This sample of quartz-K-feldspar alteration facies was partidlly treated with 
sodium cobaltinitrate in order to selectively stain K-feldspar crystals (method as 






Disseminated tremolite (t) alteration occurs as patches within altered rhyolite and is 
I 
commonly accompanied by epidote (e) and calcite (cc) (sample TH247-325.20; 
section 2). 
Intense, quartz-pyrite alteration facies is characterised by abundant disseminated 
pyrite, pyritic veins and siliceous appearance. Phyllosilicates are variably abundant 
in this alteration facies and this sample shows a comparatively muscovite-rich 
variety (sample TH247-347.20; section 2). 
Quartz-pyrite alteration facies contains variably abundant muscovite and/or chlorite 
representing a continuous spectrum from muscovite-rich and chlorite-poor to 
chlorite-rich and muscovite-poor mineralogical composition. This type of relatively 
chlorite-rich quruiz-pyrite alteration facies is particularly common in section 5 
(West Th?J.anga) (sample TH85-204.0). 
In the chlorite-pyrite alteration facies, chlorite is very abundant in the 
groundmasses whereas quartz is depleted in comparison with least-altered rhyolite 
and other alteration facies. The presence of quartz phenocrysts, gradational 
contacts with mottled alteration facies and immobile element characteristic are 
crucial evidence for the identification of these rocks as intensely altered rhyolite 
(sample TH270-381; section 5). 
Massive to semi-massive carbonate-chlorite-tremolite alteration facies occurs close 
to, and within, the Favourable Horizon in section 2 (West Thalanga, Fig. 7.5b) and 
is characterised by pervasive chlorite ( c) and carbonate alteration (cc) and radiating 
tremolite crystals (t) (sample TH245-674.80, section 2). 
-
n 
I ~I I 
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Quartz-K-feldspar alteration 
In hand specimen, this alteration facies is dominated by white, microcrystalline quartz 
and K-feldspar in the groundmasses of rhyolites (Fig. 7.4c). The presence of substantial 
K-feldspar is also indicated by geochemical data (Chapter 8, Fig. 8.lc). Rarely, blebs of 
sphalerite are also present. 
Locally, overprinting relationships between mottled alteration facies and quartz-K-
feldspar alteration facies have generated complex textures. Such textures include isolated, 
irregular patches or interconnected 'network-shaped' domains of white quartz within 
domains of muscovite-biotite-chlorite and massive quartz-K-feldspar domains that 
include patches of muscovite-biotite-chlonte assemblages. 
Disseminated tremolite alteration 
Patchy, tremolite-bearing domains occur sporadically in the footwall alteration zone. This 
alteration facies is characterised by tremolite-epidote±calcite assemblages disseminated in 
the groundmasses of altered rhyolites (Fig. 7.4d). Locally, tremolite has replaced quartz 
phenocrysts (Chapter 3, Fig. 3.5g, h) indicating that Si02 was consumed in the tremolite-
forming metamorphic reaction. The disseminated tremolite alteration facies is inferred to 
be the metamorphic equivalent of hydrothermal carbonate-chlorite alteration. 
7.3.3 Intense alteration 
Intense alteration is characterised by substantial mineralogical and textural modification of 
the least-altered rhyolite, leaving only scarce evidence of the original composition and 
texture of the rocks. Intense pyritic alteration is mainly represented by quartz-pyrite 
alteration facies, however minor chlorite-pyrite alteration facies occurs locally in East 
Thalanga. Intense calcareous alteration is represented by carbonate-chlorite-tremolite-rich 
rocks. Contacts between intense alteration facies and surrounding moderate alteration are 
generally gradational. 
Quartz-pyrite alteration 
Primary groundmass textures and feldspar phenocrysts are obliterated in the intensely 
altered footwall rhyolites, however quartz phenocrysts are preserved. In the quartz-
pyrite alteration facies, the groundmasses are quartz-rich with disseminated pyrite and 
pyrite veins and variably abundant muscovite, biotite and chlorite (~5 to ~15 vol.%). The 
proportions of muscovite and chlorite vary substantially and a continuous spectrum from 
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muscovite > chlorite to chlorite > muscovite is present (Fig. 7.4e, f). Discordant zones of 
the quartz-pyrite alteration facies cut across the mottled alteration facies in the footwall 
alteration zone and also form stratiform zones just below the massive sulphides. 
Chlorite-pyrite alteration 
The chlorite-pyrite alteration facies occurs exclusively close to, and just below, the 
Favourable Horizon in East Thalanga. This chlorite-rich alteration facies ( ~40 vol.% 
chlorite) is quartz-poor compared to least-altered rhyolite and other alteration facies, 
however, quartz phenocrysts are preserved (Fig. 7.4g). Muscovite is common in this 
alteration facies (~20 vol.%) whereas biotite is absent. 
Carbonate-chlorite.:.tremolite alteration 
Carbonate-chlorite-tremolite-rich rocks (Fig. 7.4h) commonly occur within, or close to, 
the Favourable Horizon in West Thalanga. These rocks were formerly regarded as 
exhalites but have been re-interpreted as metamorphosed equivalents of intense, 
carbonate-chlorite alteration formed in rhyolitic volcaniclastic facies, close to the palaeo-
seafloor (Herrmann, 1994; Hill, 1996). Locally, gradational contacts with disseminated 
tremolite alteration facies can be observed (eg. drill hole TH41, Appendix section 2). 
7.4 Spatial arrangement of alteration facies in cross sections 
There are significant variations in the distribution and abundance of alteration facies in the 
6 cross sections through the Thalanga sequence in West, Central and East Thalanga 
(Fig. 1.5). The geological interpretations of these sections, including primary lithofacies 
and alteration facies, are presented in Figures 7 .5 to 7. 7. Graphic logs and lithological 
descriptions of the diamond drill core examined for each section are documented in the 
Appendix. Lateral and vertical variations in the lithofacies of the Thalanga sequence are 
discussed in detail in Chapter 5 and summary logs for each section representing true 
stratigraphic thickness are presented in Figure 5.5. The spatial arrangement of alteration 
facies in cross sections 1 to 6 is described below and summerised in Table 7 .2. 
7.4.1 West Thalanga 
In sections 1 and 2, footwall alteration is characterised by a strictly stratiform zone of 
quartz-pyrite alteration facies underlying- the Favourable Horizon and a broad zone of 
mottled alteration facies (Fig. 7.5). The hangingwall consists of a variable lithofacies 
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association including dacite type 2 lavas, volcaniclastic breccia and sedimentary facies. 
I 
Weak alteration, including hematite dusting and epidote alteration, are widespread in the 
hangingwall. 
Section 1 
The footwall alteration zone is comparatively thin in the down-dip part of section I 
where it extends for only ~50 m into the footwall rhyolite (Fig. 7.5a). In the up-dip part, 
rp..ottled alteration facies is abundant, however, some parts of the rhyolite lavas and syn-
volcanic intrusions were logged as least-altered or weakly altered with patchy epidote 
alteration and hematite dusting. Minor quartz-K-feldspar alteration facies and 
disseminated tremolite alteration facies can also be observed. Carbonate-rich units 
(facies I, Table 5.3) occur locally in the Favourable Horizon and in the hangingwall above 
a thick package of monomictic dacite type 2 breccia units, 150 m above the Fa¥ourable 
Horizon. Section I contains only minor occurrences of semi-massive sulphides which, 
together with the weakly developed footwall alteration zone, indicate that Fis area 
represents the western margin of the Thalanga hydrothermal system. I 
Section 2 
Section 2 includes about 500 m of footwall and hangingwall stratigraphy and the West 
Thalanga ore lens (Fig. 7.5b). Coherent and elastic facies of the footwall rhyolite are 
present in about equal proportions and the immediate footwall below the Favourable 
Horizon consists of rhyolitic volcaniclastic units. The Favourable Horizon contains 
massive to semi-massive sulphides with calcareous gangue, carbonate-chlorite-tremolite 
alteration facies and minor QEV (facies F, Table 5.3). The hangingwall is occupied by 
dacite type 2 lavas, a dacite type 3 sill, an andesite intrusion and volcaniclastic units. 
A stratifomi ione of quartz-pyrite alteration facies underlies the massive 
sulphides and extends 10 to 50 m into the footwall and~ 100 m down dip beyond the ore 
lens. Below this area of intense pyritic alteration is a broad zone of mottled alteration 
facies which has gradational contacts to least-altered rhyolite in the up-dip part of the 
section. In the down-dip part, zones of disseminated tremolite, quartz-K-feldspar and 
semi-massive carbonate-chlorite-tremolite alteration facies are present. Dacites in the 
hangingwall are least-altered to weakly altered and locally show epidote alteration and/or 
hematite dusting. 
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Fig. 7.5: Distribution of alteration facies in West Thalanga (sections 1 and 2). 
The sections show the drill holes logged for this study, the interpreted lithofacies 
arrangement and alteration in the footwall and the hangingwall. Diamond drill hole 
(DDH) logs are given in the Appendix. The geometry of the ore lenses is based on 
mapping by Thalanga mine geologists (courtesy ofRGC Ltd.). Tick marks on DDH 
are 50 m apart. Legend for lithofacies as in Figure 7.1 and in the Appendix. 
(a) Geological interpretation of section 1. 
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7.4.2 Central Thalanga 
In Central Thalanga, D3-faulting has moved altered footwall rhyolite into an apparent 
hangingwall position (Hill, 1996) and' consequently, massive sulphides appear to be 
hosted by rhyolite (Fig. 7.6). The structure is particularly complex in section 3 where 
faulting has been intense. In Central Thalanga, discordant zones of quartz-pyrite 
alteration facies cross-cut coherent rhyolite and trend into massive sulphides in the 
Favourable Horizon. 
Section 3 
The strncture of section 3 is very complex due to substant1al D3 faulting (Fig. 1.3). 
About 100 m of footwall rhyolite has been transposed into an apparent hangingwall 
position (Fig. 7.6a). Furthermore, least-altered and weakly altered syn-volcanic intrusions 
of rhy_olite type 1 are present in the footwall and dacite ty~e 3 and andesite intrusions 
occur in the hangingwall. A discordant zone of quartz-pyrite alteration facies with a 
diameter ranging between 50 m and 100 m extends obliquely downwards for at least 200 
m from the ore lens. This zone is enveloped by mottled alte*ation facies which grades into 
' 
least-altered rhyolite in the up-dip part of the section. There are minor occurrences of 
quartz-K-feldspar, disseminated tremolite and carbonate-chlorite-tremolite alteration 
facies as well as epidote alteration and hematite dusting in the footwall. The hangingwall 
is not significantly altered except for local epidote alterat1on and hematite dusting in 
coherent dacite. The contact between footwall rhyolite and hangingwall dacite is occupied -
by a massive quartz-barite chemical facies (facies I) in some drill holes (TH5 and 
C2047SD46; drill hole logs in the Appendix). 
Section 4 
In section 4, about 150 to 180 m of variably altered footwall rhyolite has been moved into 
an apparent hangingwall position due to D3 faulting (Fig. 7.6b). A discordant zone of 
quartz-pyrite alteration facies extends for at least ~200 m into the footwall and is directly 
connected with massive sulphides. This discordant alteration zone has an orientation of 
~40° with respect to stratigraphic dip. It is enveloped by mottled alteration facies which 
extends to a depth of ~800 m below the surface. However, the overall alteration intensity 
decreases in the lower part of the section where some zones of disseminated tremolite 
alteration facies, quartz-K-feldspar alteration facies and weakly altered footwall rhyolite 
occur. Least-altered syn-volcanic intrusions in this section are very weakly altered and 
probably post-date the main hydrothermal activity associated with mineralisation 
(Chapter 5). 
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Fig. 7.6: Distribution of alteration facies in Central Thalanga (sections 3 and 4). 
The sections show the drill holes logged for this study, the interpreted lithofacies 
arrangement and alteration in the footwall and the hangingwall. Diamond drill hole 
(DDH) logs are given in the Appendix. The geometry of the ore lenses is based on 
mapping by Thalanga mine geologists (courtesy ofRGC Ltd.). Tick marks on DDH 
are 50 m apart. Legend for lithofacies as in Figure 7 .1 and in the Appendix. 
(a) Geological interpretation of secticn 3. 
(b) Geological interpretation of section 4. 
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7 .4.3 East Thalanga 
In East Thalanga, discordant zones of quartz-pyrite alteration facies and have an 
orientation of 10° to 30° with respect. to the Favourable Horizon (Fig. 7.7). The 
hangingwall is occupied predominantly by dacite type 1 lava with minor associated 
volcaniclastic facies. Apophyses of the post-D2 diorite pluton are common in section 6. 
Section 5 
Section 5 contains the main East Thalanga ore lens and about 550 m of footwall and 
hangingwall stratigraphy were intersected by exploration diamond drilling (Fig. 7.7a). The 
footwall consists of two voluminous rhyolite lavas and coherent rhyolite is predominant. 
Locally, mineralised, massive to normally graded QEV (facies F) is common in the 
Favourable Horizon. 
A broad zone of mottled alteratiofi facies below the Favourable Horizon grades into 
weakly altered or least-altered rhyolite in the up-dip part of the section and extends for at 
least 3 00 m into the footwall. Zones of quartz-K-feldspar alteration facies are common on 
\ 
the fringes of mottled alteration facies~ In the up-dip part of the section, discordant zones 
of comparatively chlorite-rich quartz-pyrite alteration facies (Fig. 7.4f) cross-cut the 
footwall and lead up to massive sulphides. Similar discordant zones terminate in 
I 
unmineralised Favourable Horizon in the lower part of the section. The chlorite-pyrite 
I 
alteration facies dominates in the narrow stratiform zone directly underlying the massive 
sulphides and contacts between chlorite-pyrite alteration facies and quartz-pyrite 
alteration facies are gradational. The disseminated tremolite alteration facies is rare and 
restricted to the top part of the footwall rhyolite. The dacite type 1 lava in the 
hangingwall shows patchy to vein-controlled epidote alteration and/or hematite dusting. 
Section 6 
Section 6 contains the fringe of the East Thalanga ore lens and mottled alteration facies 
extends to a stratigraphic depth of at least 200 m into the footwall (Fig. 7. 7b ). In the up-
dip part of the section, mottled alteration facies grades into least-altered rhyolite and 
quartz-K-feldspar alteration facies is common in this area. Discordant zones of quartz-
pyrite alteration facies lead up to the Favourable Horizon but may have been disrupted 
by intrusions of post-D2 diorite in the down-dip part of the section. Epidote alteration 
and hematite dusting are widespread in dacite type 1 lava occupying the hangingwall but 
are also present in diorite intrusions. Furthermore, hematite dusting occurs in QEV 
(facies F) in the down-dip part of the section. 
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Fig. 7.7: Distribution of alteration facies in East Thalanga (sections 5 and 6). 
The sections show the drill holes logged for this study, the interpreted lithofacies 
arrangement and alteration in the footwall and the hangingwall. Diamond drill hole 
(DDH) logs are given in the Appendix. The geometry of the ore lenses is based on 
mapping by Thalanga mine geologists (courtesy ofRGC Ltd.). Tick marks on DDH 
are 50 m apart. Legend for lithofacies as in Figure 7.1 and in the Appendix. 
(a) Geological interpretation of section 5. 
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Table 7.2: Distribution of alteration facies at Thalanga 
alteration intensity alteration facies footwall rhyolite hangingwall dacite post-02 diorite 
weak phyllosilicate alteration 
weak albite alteration 
weak hematite dusting 
weak epidote alteration 
moderate disseminated tremolite 
alteration 
moderate quartz-K-feldspar 
alteration a ill 
moderate mottled alteration rare 
intense carbonate-chlorite-
tremolite alteration fin West Thalansa onlyl 
common 
abundant 
intense quartz-pyrite alteration 
intense chlorite-pyrite alteration 
(in East Thalanga onlyl 
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7 .5 Discussion 
Distribution of alterationfacies 
Systematic logging of alteration facies in drill holes from 6 cross sections along the entire 
strike extent of the Thalanga deposit shows that alteration facies of moderate to high 
alteration intensity are restricted to the footwall, defining a broad, strata-bound alteration 
zone below the massive sulphides. 
Cross sections through West, Central and East Thalanga show that the bulk of the 
footwall alteration zone is occupied by phyllosilicate-rich and feldspar-destructive 
mottled alteration facies which has gradational lateral contacts to surrounding least-altered 
rhyolite. This alteration facies occupies a broad zone which underlies massive sulphides 
along the entire strike extent of the deposit. It extends for ~3,000 m along strike, > 1,000 
m down-dip and 50 to >300 m stratigraphically into the footwall. The true maximum 
thickness of the footwall alteration zone is unknown. It is inferred that feldspar-
destruction, formation of hydrothermal phyllosilicates and Mg-emichment (indicated by 
the abundance of chlorite and biotite and geochemical data, Chapter 8) were the principal 
alteration processes in this zone. 
Stratiform zones of pyritic alteration are located immediately below massive 
sulphides in all sections. They consist of quartz-pyrite alteration facies in West and 
Central Thalanga and are particularly prominent in section 2 where this zone reaches a 
maximum thickness of ~50 m (Fig. 7.5b). In East Thalanga (section 5, Fig. 7.7a) the 
intensely altered stratiform zone below the massive sulphides consists predominantly of 
chlorite-pyrite alteration facies. 
Calcareous alteration facies (disseminated tremolite and carbonate-chlorite-tremolite 
alteration facies) are especially common close to, and within, the Favourable Horizon in 
section 2 (Fig. 7.5b), implying that significant hydrothermal carbonate and chlorite was 
precipitated in the near-seafloor environment in West Thalanga. In contrast, the 
disseminated tremolite alteration facies is rare in East Thalanga and restricted to the top 
part of the footwall rhyolite in section 5 (Fig. 7.7a). The carbonate-chlorite-tremolite 
alteration facies has not been observed in East Thalanga. 
The restricted occurrences of chlorite-pyrite alteration facies at East Thalanga and 
the concentration of calcareous alteration facies in West Thalanga indicate that the 
conditions of alteration varied along strike of the deposit during the evolution of the 
hydrothermal system. 
In contrast to the substantial textural and mineralogical modifications in the footwall 
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rhyolites, the hangingwall dacites are generally weakly altered (Table 7.2). Importantly, 
sulphides are extremely rare in the hangingwall, feldspar crystals are texturally preserved 
and phyllosilicate are generally a minor component (<10 vol.%) in coherent facies of 
dacite. 
, The weak alteration in the hangingwall may have occurred long after hydrothermal 
activity associated with the Thalanga deposit had ceased and could be due to background, 
sub-seafloor alteration processes. This interpretation is supported by the observation 
that there is no systematic increase in the abundance or intensity of phy llosilicate 
alteration, hematite dusting or epidote alteration in the proximity to the Favourable 
Horizon (Fig. 7.5 to 7.7 and drill hole logs in ,the Appendix). It is possible that weak 
alteration in the hangingwall was in part a result of small convective hydrothermal 
systems initiated by thermal anomalies associated with shallow, synvolcanic intrusions 
such as the dacite type 3 sills in West Thalanga. Similar settings for weak epidote 
alteration have been recognised by Harper (1995) in a mafic ophiolite succession. 
However, weak alteration could have also taken place during small-scale circulation of 
seawater in the subsurface during diagenesis. 
Occurrences of epidote alteration and hematite dusting in post-D2 diorite intrusions 
in section 6 (West Thalanga, Fig. 7.7b) indicate that these alteration facies locally post-
date regional deformation. This suggests that weak alteration was not linked to any 
particular large-scale hydrothermal event but may represent relatively minor 
hydrothermal activity which occurred sporadically during the geothermal history of the 
area 
Controls on intense hydrothermal fluid flow 
The mottled alteration facies envelops discordant zones of intense quartz-pyrite 
alteration facies which cross-cut the footwall. Their orientation varies between 20 and 50° 
with respect to stratigraphic dip. These zones are interpreted to represent the pathways 
of mineralising hydrothermal fluids because of their high concentrations of disseminated 
pyrite and pyrite veins and the observation that they are commonly connected to massive 
sulphides in the Favourable Horizon. A comparison of the distribution of coherent and 
volcaniclastic facies in the footwall with the geometry of discordant zones of quartz-
pyrite alteration facies indicates that intense hydrothermal fluid flow during 
mineralisation was independent of the primary lithofacies arrangement (Chapter 5). 
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7.6 Summary 
At Thalanga, 10 different alteration facies can be distinguished based on mineralogy, 
abundance and distribution of non-primary minerals. These include pyrite-rich, 
phyllosilicate-dominated, quartz-rich and calcareous mineral assemblages. The intensity 
of alteration can be estimated based on the overall degree of textural and mineralogical 
modification. 
Mottled alteration facies (moderate alteration intensity), representing the bulk of 
the footwall alteration zone, is phyllosilicate-dominated, feldspar-destructive and 
accompanied by minor disseminated pyrite. It defines a broad, strata-bowid alteration 
zone below the massive sulphides and commonly shows apparent elastic textures due to 
domainal or multi-stage alteration processes. Intense, pyrite-rich alteration occurs in 
discordant zones within the footwall alteration zone, interpreted as the pathways for 
ascending mineralising fluids, and in stratiform zones immediately below massive 
sulphides. Variations in the distribution of intense alteration facies along strike suggest 
that different alteration processes occurred in the footwall of East and West Thalanga 
during the evolution of the hydrothermal system. 
Weak alteration is characterised by preservation of feldspar phenocrysts and 
primary textures and patchy to vein-controlled distribution of alteration minerals. Weak 
alteration is ubiquitous in the hangingwall dacites and is probably unrelated to 
hydrothermal processes associated with formation of the footwall alteration zone and 
mineralisation. 
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8 Alteration geochemistry and geochemical indicators of 
proximity to the Thalanga deposit 
8.1 Introduction 
This chapter is concerned with the geochemistry of the various alteration facies observed 
at Thalanga (Chapter 7) and the compositional effects of hydrothermal alteration. For this 
purpose, major and trace element data, including REE, are examined and estimates for 
mass changes are calculated. Furthermore, variations in the data with spatial distance from 
the Thalar1ga deposit are evaluated in order to identify geochemical parameters which 
distinguish altered rocks in the Thalanga mine area from the least-altered or weakly 
altered, surrounding country rocks. Several systematic compositional changes have been 
recognised which define a geochemical halo around the deposit and can be n;iarded as 
geochemical proximity indicators to massive sulphides at Thalanga. 
Most of the geochemical data were obtained during this study and I analytical 
procedures are described in the Appendix. Data for the carbonate-chlorit~-tremolite 
alteration facies and rhyolite type 4 from the Favourable Horizon have been compiled 
from Herrmann (1994) and Hill (1996), respectively. Furthermore, some geochemical data 
I 
on variably altered rhyolite made available by RGC Ltd. have been used (eg. Fig. 8.12). 
8.2 Alteration geochemistry 
8.2.1 Major element geochemistry and the Alteration Boxplot 
The compositions of rhyolites from the footwall alteration zone are highly variable due to 
hydrothermal alteration. Most altered footwall rhyolites have major element 
compositions which are quite dissimilar to the common geochemical characteristics of 
fresh rhyolite (eg. elevated values for MgO, Feb and S; Chapter 6 and Appendix). 
Classification as rhyolite is based on the presence of quartz phenocrysts, gradational 
lateral contacts between the altered and least-altered rhyolite, with well preserved 
primary textures and immobile element data (Chapter 6, Figs. 6.3 and 6.4). 
Altered footwall rhyolites show marked variations in the concentrations of sodium, 
calcium, magnesium and iron (Fig. 8.la). Least-altered rhyolites are magnesium- and iron-
poor and contain between 3 and 5 wt.% Na20 + CaO which is within the range typical of 
fresh, modern felsic volcanics (Le Maitre et al., 1989). Increasing alteration intensity is 
coupled with a gradual decrease in Na20 + CaO values and intensely altered 
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Fig. 8.1: Major element geochemistry of variably altered volcanic units at Thalanga: 
FeO + MgO versus Na20 + CaO, S versus Na20 + CaO and Carbonate-Chlorite-
Pyrite Index versus Alteration Index (Alteration Boxplot). 
(a) Na20 + CaO versus FeO + MgO in rhyolite and dacite from Thalanga. Data from 
the footwall alteration zone are shown with symbols according to alteration facies. 
Alteration of the footwall rhyolite was associated with Na20 + CaO depletion 
(except for calcareous alteration facies) and enrichment of MgO + FeO. In contrast, 
hangingwall dacites are Na-rich. Data for carbonate-chlorite-tremolite alteration 
facies and rhyolite type 4 from Herrmann (1994) and Hill (1996), respectively. 
(b) Moderately to strongly altered footwall rhyolite contains significant sulphur due to 
pyrite alteration. Least-altered footwall rhyolite, rhyolite type 4 and hangingwall 
.@a.cite are S-poor. 
( c) Most of the various alteration facies present at Thalanga can be distinguished 
geochemically in the Alteration Boxplot (Large, 1996). See text for explanation. 
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rhyolites have v~ues <0.3 'Wt.%. This trend is indicative of plagioclase destruction and 
formation of muscovite, however, samples of quartz-K-feldspar alteration facies also 
have low Na20 + CaO contents. Some samples of weakly altered rhyolite and 
disseminated tremolite alteration facies have elevated Na20 + CaO concentrations, 
reflecting the presence of albite alteration and/or calcite. The carbonate-chlorite-tremolite 
alteration facies shows extreme calcium and magnesium enrichment and samples plot 
mainly in the upper right hand comer of Figure 8.la. Intense, pyritic alteration is 
characterised by high MgO + FeO values commonly between 5 and 20 'Wt.% (maximum 
values: up to 30 'Wt.%), due to the presence of chlorite and pyrite. Samples of rhyolite 
type 4 have MgO + FeO values mainly between 3 and 7 'Wt.%. Their Na20 + CaO 
content ranges between 7 and <1 'Wt.% and overlap with least-altered, weakly altered and 
moderately altered footwall rhyolite. Alteration logging showed that rhyolite type 4 was 
generally weakly altered which is consistent with the geochemical data. The hangingwall 
dacite is typically Na-rich due to widespread albite alteration and concentrations of MgO 
and FeO are comparatively low. 
The depletion of N a20 in the footwall is coupled with substantial S enrichment of 
moderately to intensely altered rhyolite, reflecting increasing pyrite abundance 
(Fig. 8.1 b ). The Ca-Mg-rich carbonate-chlorite-tremolite alteration facies locally contains 
barite and/or sphalerite and is variably enriched in sulphur. In contrast, S concentrations 
are close to, or below, the detection limit (0.01 'Wt.%) for the hangingwall dacite and 
rhyolite type 4. 
Most alteration facies at Thalanga can be successfully discriminated in one diagram 
which utilises two multi-element ratios to monitor relative changes in the concentrations 
ofMgO, FeO, K20, Na20 and CaO (the Alteration Boxplot; Large, 1996) (Fig. 8. lc). The 
Alteration Index (AI = lOO*[MgO+K20]/[MgO+K20+Na20+CaO]; Ishikawa et al., 
1976) quantifies calcium and sodium depletion and enrichment relative to magnesium and 
potassium. The AI increases as a result of plagioclase destruction, or chlorite, muscovite 
and K-feldspar alteration. In contrast, depletion of K20 due to albite alteration or Ca-
enrichment associated with calcareous alteration result in low AI values. The Carbonate-
Chlorite-Pyrite Index (CCPI = 100*[MgO+FeO]/[MgO+FeO+Na20+K20]; Large, 1996) 
measures total alkali depletion relative to magnesium and iron enrichment associated with 
chlorite and pyrite alteration. Furthermore, dolomite- and/or siderite-rich carbonate 
alteration is also characterised by high CCPI. 
The least-altered footwall rhyolites have AI between 30 and 60 and CCPI between 
10 and 30, reflecting relatively high, evenly balanced, primary concentrations 0of alkalis 
and low concentrations of FeO and MgO (Fig. 8.lc). Altered, pyrite-rich sainples plot in 
15./ 
the upper right hand comer of Figure 8. lc (alteration index >90) due to substantial 
enrichment in magnesium and iron and depletion of sodium and calcium. Their large 
spread in CCPI is related to the amount and relative proportions of chlorite, biotite, 
muscovite and K-feldspar in single samples. Mottled alteration facies has intermediate AI 
and CCPI, partly overlapping with the fields for the least-altered rhyolite and pyrite-rich 
alteration facies. Samples of the carbonate-chlorite-tremolite alteration facies plot along 
the upper boundary of the diagram (CCPI >90) and the large spread in AI reflects the 
relative proportions of carbonate, chlorite and tremolite. Samples of the quartz-K-
feldspar alteration facies overlap with samples of the mottled alteration facies and define 
a trend towards the composition ofK-feldspar. A few samples of weakly altered rhyolite 
have low AI values ( <20) which indicatives sodium and/or calcium enrichment and K20 
depletion. The hangingwall dacites have low values for both AI and CCPI which is 
consistent with widespread albite alteration. Samples of rhyolite type 4 show a wide 
distribution in the Alteration Boxplot, with data points overlapping with analyses of the 
, 
hangingwall dacites, least-altered footwall rhyolites and mottled alteration facies. This is 
consistent with petrographic observations that su~est rhyolite type 4 is commonly 
I 
texturally unaltered or weakly altered. 
8.2.2 Base metal and trace element geochemistry 1 
The concentrations of Cu, Pb, Zn and Ba in the various altera~ion facies, least-altered 
footwall rhyolite, hangingwall dacite and rhyolite type 4 are illustrated in Figure 8.2. In 
these diagrams, Na20 was plotted on the x-axis because sodium depletion can be regarded 
as a general indicator of increasing alteration intensity in the footwall alteration zone. 
The base metal contents of samples from the footwall alteration zone vary 
substantially. Intensely altered footwall rhyolites often have one order of magnitude 
higher Cu, Zn and Pb concentrations than least-altered equivalents. Samples of the 
carbonate-chlorite-tremolite alteration facies are especially enriched in base metals and Zn 
values > 1 wt.% are common. The chlorite-pyrite alteration facies is particularly Cu- and 
Zn-rich whereas base metal concentrations of the quartz-pyrite alteration facies are 
extremely variable (Fig. 8.2a to c). Base metal concentrations of the hangingwall dacite 
and rhyolite type 4 are generally within the range of the least-altered footwall rhyolite. 
Some samples are variably enriched in Cu, Pb and Zn, although a correlation with Na20 
concentrations is not apparent. 
)55 
Fig: 8.2: Trace element geochemistry of variably altered volcanic units at Thalanga: Cu, 
Pb, Zn and Ba versus Na20. 
Cu, Pb, Zn and Ba concentrations m samples of the least-altered and variably 
altered footwall rhyolite, rhyolite type 4 and hangingwall dacite. The data for Cu, 
Pb, Zn and Ba were plotted versus Na20 because sodium depletion due to 
liydrothermal alteration is ubiquitous in the footwall alteration zone. Data for 
carbonate-chlorite-tremolite alteration facies and rhyolite type 4 from Herrmann 
(1994) and Hill (1996), respectively. Legend as for Figure 8.1. 
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Several features indicate a strong mineralogical control on Ba enrichment or 
depletion (Fig. 8.2d). There is a general correlation between the decrease of Na20 and an 
increase of Ba from the least-altered footwall rhyolite (~500 to 1,000 ppm) to some 
samples of moderately to intensely altered footwall rhyolite which contain 2,000 to 
>10,000 ppm Ba. The increase in Ba may be related to the formation ofmuscovite and K-
feldspar replacing primary plagioclase and substitution of Ba for potassium. However, 
many samples of the quartz-pyrite alteration facies have relatively low Ba concentrations 
(within the range of the least-altered footwall rhyolite or lower). These low levels of 
barium suggest that these samples are relatively muscovite-(and K-feldspar)-poor. 
Extremely low values for barium occur in several Na-rich samples of the hangingwall 
dacite. This suggests that albitisatio~ of feldspar crystals in the hangingwall dacite led to 
concurrent K and Ba depletion. Samples of the carbonate-chlorite-tremolite alteration 
e 
facies are barium-rich (commonly 2:1 wt.%) which fa related to occurrences of barite. 
Concentrations of Ba are relatively uniform in samples of rhyolite type 4 (1,000 to 2,000 
ppm), however, some Na20-poor samples have elevated Ba values. I 
Figure 8.3 illustrates the trace element composition of variably altered footwall 
rhyolites and hangingwall dacites. The carbonate-chlorite-tremolite alteration facies and 
rhyolite type 4 are not included in these diagrams because appropriate data are not 
available (Herrmann, 1994 and Hill, 1996, respectively). 
Concentrations of Rb in the footwall rhyolites (Fig. 8.3a) increase with decreasing 
Na20. This trend is consistent with an alteration process involving plagioclase 
destruction since Rb may be substituted for K in muscovite and K-feldspar. However, 
samples of the quartz-pyrite alteration facies deviate from this trend and have relatively 
low Rb contents. These samples have lower abundances of muscovite compared to the 
mottled alteration facie_s. The hangingwall dacites are comparatively Rb-poor reflecting 
K20 depletion associated with albite alteration. 
Data for Sr show considerable scatter, howe-ver, most moderately to intensely 
altered samples of the footwall rhyolite are relatively Sr-poor which is an indication of 
plagioclase destruction. Samples of the disseminated tremolite alteration facies have 
elevated Sr concentrations. The hangingwall dacite show a wide range of Sr values which 
is probably related to occurrences of epidote and carbonate (epidote alteration). These 
features are consistent with the interpretation that Sr has replaced Ca in Ca-bearing, non-
primary minerals such as epidote, tremolite and carbonate. 
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Fig. 8.3: Trace element geochemistry of variably altered volcanic units at Thalanga: Rb, 
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Increasing Rb/Sr ratios are correlated with depletion of Na20 (Fig. 8.3c). In the 
mottled alteration facies, Rb/Sr values are slightly higher than in the least-altered footwall 
rhyolite (>2) and samples of the intense, pyritic alteration facies have a continuous range 
of values between 3 and 18. The hangingwall dacites have low Rb/Sr ratios (:SI). 
In general, Tl concentrations are close to, or below, the detection limit (0.5 ppm) 
but increase to values >2 ppm with decreasing Na20 (Fig. 8.3d). However, samples of the 
intense, pyrite-rich alteration facies show a wide range in Tl concentrations and values 
<1 ppm are common. The hangingwall dacites have Tl concentrations below, or close to, 
the detection limit. 
Variations in As, Bi and Mo <;ontents are generally limited and within the range of 
the least-altered footwall rhyolite, except for the intense, pyrite-rich alteration facies (Fig. 
8.3e tog). Analyses of the quartz-pyrite alteration facies show a wide, continuous range 
in As and Bi contents following a pattern which is largely similar to the trend for chlorite 
and pyrite alteration in Figure 8. la. In general, As and Bi may substitute into pyrite and 
therefore, it is inferred that increasing concentrations of these elements are correlated with 
the abundance of pyrite. Elevated concentrations of Mo (>2 ppm) are common for 
samples of the quartz-K-feldspar, mottled and quartz-pyrite alteration facies. 
Concentrations of As, Bi and Mo are close to, or below, detection limit in hangingwall 
dacite. Concentrations of antimony in the footwall rhyolite and hangingwall dacite are 
generally close to the detection limit (0.5 ppm). Only a relatively small number of 
samples with Na20 <l wt.% contain >1 ppm Sb (Fig. 8.3h). 
8.3 Mass balance calculations 
Compositional changes related to alteration processes involving mass changes are 
obscured in the untreated analytical data due to the effect of closure, which is inherent in 
geochemical analyses expressed in weight percent (Aitchinson, 1984; Rolli_nson, 1993). 
For example, hydrothermal alteration leading to silicification of the footwall rhyolite, 
which was already Si02-rich prior to alteration, is difficult to recognise from the major 
element data. However, under certain conditions, absolute mass changes can be calculated 
if immobile elements can be identified and if the composition of the precursor to the 
altered rock can be estimated. 
The problem of calculating mass changes associated with alt~ration has been 
- addressed by numerous researchers and a variety of methods have been proposed 
(Gresens, 1967; Grant, 1986; MacLean& Kranidiotis, 1987; Huston, 1993; Madeisky & 
Stanley, 1993; Leitch & Lentz, 1994). In this study, mass changes were calculated using 
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the approach of MacLean & Kranidiotis (1987) which has been described and discussed 
I 
in detail by MacLean (1990), MacLean & Barrett (1993) and Barrett & MacLean (1994). 
This method relies <?n the concept that changes in the measured concentrations of 
immobile 'elements in a suite of altered rocks with a common precursor are controlled by 
the depletion and addition of mobile chemical components. For example, if the altered 
rock has a lower concentration of immobile elements than the precursor, it can be inferred 
that mass has been gained during alteration (Fig. 8.4a). Therefore, comparing the 
concentration of an immobile element in an altered sample to the concentration of the 
immobile element in the unaltered precursor returns a correction factor which can be used 
to calculated absolute mass chan$es. The correction factor is applied to the geochemical 
data for the altered sample in order to calculate a reconstituted concentration for each 
chemical component. The difference between this reconstituted concentration and the 
r 
concentration in the precursor represents the absolute mass change of the component. 
e 
Hence, the geochemical data for altered rocks may be recalculated for eyery single 
chemical component according to: 
~m =[(X; /X~)*X~]-X~ 
with 
b.Xm = absolute mass change 'of mobile component m 
I 
X~ =concentration of mobile component m in altered sample 
• I 
X~ = concentration of mobile component m in precursor 
X~ = concentration of immobile component i in altered sample 
x; = concentration of immobile component i in precursor 
[(Xr I xt) * X~] =reconstituted concentration. 
At Thalanga, mass changes were calculated using Zr as the conserved immobile 
element because immobility is indicated by constant Ti/Zr ratios (below and Chapter 6). 
The averaged compositions of the least-altered samples of rhyolite types 1, 2 and 3 and 
dacite types 1, 2 and 3 are presented in Tables 6.1 and 6.2 and can be regarded as the best 
estimate for the respective precursors. 
Criteria used for the identification of the least-altered samples include preservation 
of primary feldspar crystals, absence of pyrite and low abundances of non-primary 
minerals such as muscovite, chlorite, biotite, epidote and carbonate. Geochemically, least-
altered rhyolites and dacites are characterised by low S, MgO and FeO contents and 
relatively high concentrations of Na20 and K20 with intermediate K10-ratio 
(100*K20/[Na20 + K20], Chapter 6). 
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Fig. 8.4: The effects of mass changes on the concentrations of immobile elements m 
altered rocks and evidence for immobility of Zr and Ti02 at Thalanga. 
(a) Schematic representation of the effects of mass changes on the concentrations of 
- -1mmobi.1e-elements-(A-and B): During-hydrothermal- alteration-the mass- of altered 
rocks may change relative to the precursor due to addition or removal of mobile 
chemical components. Consequently, the concentrations of immobile elements may 
vary but their ratios remain constant. ·see text for explanation. 
(b) V ari~~tion diagram plotting Ti02 versus Zr for variably altered footwall rhyolit.: and 
hangingwall dacite from Thalanga. This diagram is similar to Figure 6.3a. However, 
this diagram shows data according to alteration facies and the calculated precursor 
compositions of rhyolite types 1, 2 and 3 and dacite typ~s 1, 2 and 3 are also 
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Analyses of var~ably altered footwall rhyolite (rhyolite types 1, 2 and 3) define a 
I 
positive correlation trend with a constant Ti/Zr ratio of~ 4 (r = 0.93) on a diagram of 
Ti02 versus Zr and the line of best fit can be extrapolated to intersect the origin of the 
diagram (Figs. 6.3a and 8.4b). This re~ationship satisfies the conditions for immobile 
behaviour during hydrothermal alteration proposed by MacLean & Barrett (1993). The 
positive correlation of Ti02 and Zr is interpreted to be caused by mass changes during 
hydrothermal alteration related to variable removal or addition of mobile chemical 
components. As a result, the concentrations of Ti02 and Zr are changing in equal 
proportions and therefore the ratio of these elements remains constant. Alternatively, this 
correlation trend could only be explained by an alteration process in which Ti and Zr 
t.}- • 
were added or removed in exactly the same proportions. This is an unlikely scenario 
' 
because Ti and Zr occur in minerals such as Ti-Fe-oxides and zircon which are difficult to 
dissolve even in highly concentrated acidic solutions. Furthermore, it is also unlikely that 
e 
hydrothermal fluids would leach Zr and Ti from a rock at the same rate, as would be 
required in order to maintain a constant Ti/Zr ratio. 
The spread of analyses for the variably altered footwall rhyolite~ and hangingwall 
dacites away from the data points ofleast-altered equivalents (ie. precursors) implies that 
significant mass changes occurred during alteration (Fig. 8.4b ). It is cµso clear that the 
compositions of the least-altered rhyolite types 1, 2 and 3 differ somewhat in terms of Zr 
and Ti02 concentrations even though they have essentially the same TiliZr ratio. This is 
an important observation because the value chosen for xf strongly influences the 
calculation of mass changes. Consequently, the use of one averaged precursor 
composition based on all samples of the least-altered footwall rhyolite would result in 
spurious results and it is essential that analyses of altered footwall rhyolites are 
compared to the corresponding composition of the least-altered rhyolite type 1, 2 or 3. 
At Thalanga, different textural and petrographic types of footwall rhyolite can still 
be r(;;cognised in the footwall alteration zone, and thus compared to the best possible 
estimate of their respective precursor compositfons, avoiding the use of inappropriate Zr 
values for x; in mass change calculations. The observation that the least-altered samples 
of different types of rhyolite may have different Zr and Ti02 concentrations even though 
their Ti/Zr ratios are identical reinforces the importance of careful textural examination 
and volcanic facies analyses in the study of altered host rocks to massive sulphide 
deposits, especially in cases involving superficially homogeneous successions. 
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Fig. 8.5: Average mass changes of alteration facies in the footwall alteration zone and in 
hangingwall dacite. 
(a) Average mass changes associated with alteration facies in the footwall alteration 
zone (mottled alteration facies: n = 37; quartz-pyrite alteration facies: n = 20; 
chlorite-pyrite alteration facies: n = 4; quartz-K-feldspar alteration facies: n = 19; 
disseminated tremolite alteration facies: n = 4). Data for carbonate-chlorite-
tremolite alteration facies from Herrmann (1994; n = 15). 
(b) Average mass changes associated with ~teration facies in the hangingwall dacite' 
(phyllosilicate alteration: n = 13; epidote alteration: n = 5; albite alteration: n = 15; 
hematite dusting [including samples with additional disseminated epidote]: n = 4). 
J 
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8.3.1 Average mass changes of alteration facies 
Absolute mass changes were determined for single samples by calculating the 
reconstituted concentration for each element and subtracting the respective concentration 
in the precursor. Hence, the effect -of closure is overcome by applying an individual 
correction factor (X~ IX~) to the data for each sample. Mass addition of a mobile 
element is indicated by [(X; IX~)* X!J > X~ whereas the reconstituted concentration is 
less than the concentration of the mobile element in the precursor if it was leached from 
the rock during alteration. Elements that were immobile during alteration should have L1Xm 
values of zero. 
Averag~ mass changes of major elements for the vanous alteration facies in ;:he 
footwall alteration zone and in the hangingwall are represented in Figure 8.5. The results 
show that moderate to intense alteration of footwall rhyolite was generally associated 
with significant total mass gain mainly in the form of Si02, FeO and MgO whereas near-
total loss of Na20 is ubiquitous (Fig. 8.5a). However, there are significant variations 
among the different alteration facies. For example, the chlorite-pyrite alteration is 
characterised by total mass loss due to leaching of Si02 (-35 g/100 g) which is partly 
balanced by substantial gains in FeO and MgO. In contrast, the quartz-pyrite alteration 
facies has gained Si02 (~35 g/100 g) and gains in FeO and MgO are somewhat smaller 
than for chlorite-pyrite alteration facies. Samples of the mottled alteration facies have 
strongly variable values for ~Si02 (Fig. 8.6c) which, on average, suggest a small overall 
mass gain in silica. Mass gains in FeO, MgO and K20 contribute to the comparatively 
small total mass gain for the mottled alteration facies. The quartz-K-feldspar alteration 
facies has gained~ 30 gl 100 g of total mass mainly in the form of Si02 and K20. The 
disseminated tremolite alteration facies shows a total mass gain, which is due to 
significant addition of MgO and CaO. Mass changes associated with carbonate-chlorite-
tremolite alteration facies were examined by Herrmann (1994) who demonstrated that this 
facies represents altered footwall rhyolite which ha~ lost Si02 (-6 g/100 g) and gained 
large amounts ofMgO (39 g/100 g) and CaO (42 g/100 g) as well as Ba, S, C02 and base 
metals. 
Weak alteration of the hangingwall dacite was associated with comparatively small 
mass changes (Fig. 8.5b). Phyllosilicate alteration is associated with total mass loss 
mainly in the form of Si02 (-5 g/100 g) and K20; however, FeO and MgO were added. 
Epidote alteration is also characterised by total mass loss due to negative ~Si02 (-7 g/100 
g), but has gained significant Cao, FeO and MgO. The loss in Na20 is comparatively high 
for epidote alteration whereas K20 remained largely unchanged. Total mass gain is 
associated with albite alteration which occurred in the form of Si02 and Na20 mass 
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addition whereas most K20 was lost during this type of alteration. Dacite samples with 
I 
hematite dusting are characterised by the highest Si 0 2 mass gains in the hangingwall 
(20 g/l 00 g), some gains in Na20 and significant K20 loss. Gains in CaO of this alteration 
facies are most likely attributable to minor disseminated epidote. 
8.3.2 Mass change variation dia,grams 
The calculated mass changes show substantial variations among and within groups of the 
different alteration facies, as illustrated in variation diagrams plotting the results for .6.Xm 
of selected elements (Fig. 8.6). These variations are consistent with the observation that 
alteration •at Thalanga is rnineralogically and compositionally complex and boundaries 
between alteration facies are gradational. 
A plot of .6.Na20 versus .6.MgO (Fig. 8.6a) shows that Na20 loss and MgO gain are 
widespread in, the footwall alteration zone and th~t intensely altered rhyolite have lost 
nearly all the Na20 that was originally in the rock (2:95 % relative loss compared to Na20 
concentration in the precursor, Table 6.1). Gain
1
s in Na20 are common in the altered 
hangingwall dacite, consistent with widespread ~bite alteration. Data for the mottled 
alteration facies show variable Na20 loss ranging from -0.2 g to -3.8 g/100 g and MgO 
gains up to 4 g/l 00 g. Samples of the chlorite-pyrite alteration facies have gained 
substantial amounts of MgO (4 g to 9 g/100 g) whereas MgO mass gains in the quartz-
pyrite alteration facies are more variable (sl g to 11 g/100 g). The quartz-K-feldspar 
alteration facies is characterised by large Na20 mass loss and little change in MgO. 
A plot for the absolute mass changes of K20 and FeO illustrates that K20 contents 
remained largely unaffected by intense, pyritic alteration (Fig. 8.6b). The trend of FeO 
addition roughly follows the line of zero mass change for K20 and .6.K2 0 values vary 
erratically between 1 and -1. In contrast, variable K20 and FeO addition is ubiquitous in 
the weakly to moderately altered footwall rhyolite. Samples of quartz-K-feldspar 
' . 
alteration facies are strongly enriched in K20 gaining up to ~8g/100g K 20, however, 
values for .6.FeO are low. The hangingwall dacites have lost variable amounts of K20 and 
show erratic variations in .6.FeO. 
These relationships show that K20, in contrast to Na20, was generally retained in, 
or added to, the footwall rhyolite during hydrothermal alteration at Thalanga This is 
consistent with the observation that muscovite is a common phase in the altered rhyolite 
(Table 7 .1 ), suggesting that muscovite was stable in most parts of the hydrothermal 
system during mineralising hydrothermal activity. K20 addition in the footwall alteration 
zone is prominent in the quartz-K-feldspar alteration facies. 
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Fig. 8.6: Variation diagrams showing the calculated mass changes for single samples of 
alteration facies. 
There are consistent differences among alteration facies however, they may occupy 
overlapping fields. 
(a) .'.lNa20 versus .'.lMgO 
(b) AK.20 versus LlfeO 
(c) LlfeO versus .'.lSi02 
(d) .'.lK20 versus Ba [ppm] 
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Large mass changes in Si02 are an important feature of alteration at Thalanga and 
I ' 
parts of the footwall occupied by quartz-pyrite alteration facies have gained variable 
amounts of silica (mainly between 5 to 50 g/100 g; Fig. 8.6c). In contrast, the chlorite-
pyrite alteration facies is characterised by depletion in Si02. Samples of the mottled 
alteration facies show a continuous range from substantial mass loss (-40 g/100 g) to 
substantial mass gain (50 g/100 g) indicating that Si02 was mobile on a large scale in the 
footwall alteration zone. The quartz-K-feldspar alteration facies is associated with large, 
in some cases extreme (>85 g/100 g), mass gains in Si02. The hangingwall dacite 
experienced variable mass gains and losses_ during alteration, indicating that silica was also 
" 
a mobile chemical component under the conditions of weak alteration. 
A strong correlation between absolute mass change of K20 and barium 
concentration (in ppm) can be observed (Fig. 8.6d) supporting the interpretation that Ba 
has substituted for Kin muscovite and K-feldspar. Loss of K20, which is particularly 
e 
prominent in the albite-altered hangingwall dacites, correlates with extremely low Ba 
concentrations ( <200 ppm). In contrast, the altered footwall rhyolites with positive 
~K20 values are generallylBa-rich (>1000 ppm). A plot for mass changes of Na20 and 
concentration of Zn (in ppm) shows that elevated Zn-values (> 100 ppm) are almost 
-
exclusive to samples with, Na20 loss (Fig. 8.6e). However, the range of Zn content in 
intensely altered rhyolite, with near-total losses ofNa20, is extremely wide. 
8.4 Alteration and REE mobility 
Chondrite-normalised REE patterns are used for geochemical classification and 
petrogenetic interpretation of ancient, metamorphosed _volcanics (Chapter 6). This 
approach relies on the immobility of REE which, assuming low water/~ock ratios and low 
to medium grade metamorphic conditions, is a reasonable assumption (Humphris, 1984). 
The effects of weathering on REE abundances are minimal and Michard (1989) 
demonstrated that hydrothermal solutions have between 5 x 102 and 106 times lower REE 
concentrations than the respective reservoir rock through which they have passed. 
Consequently, alteration is not expected to have major implications for REE chemistry 
unless water/rock ratios are high (Rollinson, 1993). 
The behaviour of REE in footwall alteration zones of hydrothermal massive 
sulphide deposits has been the subject of considerable research (eg. Campbell et al., 1984; 
Whitford et al., 1988; MacLean, 1988; Schandl et al., 1995). These and other studies have 
shown that REE concentrations in altered volcanics are variably modified, compared to 
their respective precursors, indicating REE mobility under the conditions of 
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Fig. 8.7: Effect of total mass changes on the concentrations of REE. 
This example shows data from the Delbridge massive sulphide deposit (Noranda 
mining camp, Canada) where REE were immobile during alteration (except for Eu). 
Overall REE depletion due to mass gains is characteristic for silicified samples 
'-
whereas REE concentrations increased in samples which experienced mass loss. 
Figure from Barrett et al. (1993). 
Fig. 8.8: Behaviour of LREE and }!REE during hydrothermal altera:ion at Thalanga. 
At Thalanga, light REE, such as La, were mobile during alteration whereas heavy 
REE (eg. Lu and Yb) were immobile. 
e 





Variations in the concentration of Lu in altered rhyolite dompared to the precursor 
- I 
are due total mass addition (causing relative Lu depletion) and total mass loss 
(causing relative Lu enrichment). 
Analyses of Yb and Lu show an extremely well correlated trend which indicates 
' I 
that both elements were ·immobile during alteration. The difference between the 
I 
correlation factors for plots of Lu versus Yb and Lu versus Zr could be due to 
variable analytical precision of Zr measurements by XRF and REE analysis by 
high-resolution ICP-MS. 
In contrast to the highly correlated trend between Yb and Lu, the data points show 
substantial scatter in a plot of Lu versus La. This feature is interpreted to indicate 
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mineralising hydrothermal alteration. Mobility of REE in this environment is probably a 
consequence of high water/rock ratios. Furthermore, the composition of the fluid, which 
may deviate substantially from the composition of seawater used in the relevant 
experiments, could also represent an important controlling factor. In general, mobility of 
REE increases from heavy REE to light REE and consequently, ratios such as Lu/La may 
change due to alteration (Campbell et al., 1984). Mobility of Eu is also an important 
feature in some alteration zones. For example, Eu-depletion in altered andesite compared 
to the least-altered precursor, represented by plagioclase-phyric andesite, is evident in the 
footwall to the Que River deposit (Tasmania, Australia), whereas other REE were 
immobile during alteration (Whitford et. al., 1988). In this cas,e, plagioclase destruction 
during hydrothermal activity is the likely cause of Eu leaching. 
MacLean (1988) demonstrated that the concentrations of REE elements in altered 
rocks are influenced by mass changes associated with major element mobility. If all of the 
REE were immobile, their concentrations would change uniformly if mass was gained or 
lost during alteration, in a similar fashion as other immobile elements (eg. Zr). In this 
scenario, REE patterns of altered rocks have similar shapes to REE patterns of least-
altered equivalents, however, in many cases they are displaced along the y-axis of 
chondrite-normalised diagrams according to overall mass gains and losses (Fig. 8.7, Barrett 
et al., 1993; Barrett & MacLean, 1994a). 
Hence, changes in the concentrations of REE may be a function of two processes: 
(1) variable mobility of REE and (2) mass changes due to addition and depletion of major 
chemical components during hydrothermal activity. In order to isolate the effects of 
variable REE mobility, the data may be no~alised to Lu, the most immobile of the REE, 
which removes the superimposed changes in REE concentration related to mass changes 
(MacLean, 1988; Ludden & Thompson, 1979). 
Samples of altered rhyolite and least-altered volcanics of the Thalanga sequence 
were selected for REE analysis. The data for least-altered samples of the various types of 
rhyolite and dacite are presented and discussed in terms of petrological implications in 
Chapter 6. Here, the data for quartz-K-feldspar, mottled, quartz-pyrite and chlorite-
pyrite alteration facies from the footwall alteration zone in East Thalanga are presented 
and compared to data of least-altered rhyolite type 1 (samples from drill holes TH270, 
TH85 and TH85A; Appendix). 
The data show evidence for light REE (LREE) mobility whereas heavy REE 
(HREE) were immobile. A well constrained positive correlation between Zr and Lu, 
which can be extrapolated to intersect the origin of the diagram, indicates that both 
elements were immobile during alteration (Fig. 8.8a) (MacLean & Barrett, 1993). Changes 
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in the concentrations of Zr and Lu are interpreted to be caused by overall mass changes. 
I 
Indeed, calculated total mass changes correlate well with Lu content, indicating that mass 
gain resulted in relative Lu depletion and mass loss caused enrichment of Lu compared to 
the precursor (Fig. 8.8b ). A 'tightly constrained trend also exists for Lu and Yb 
concentrations which is interpreted as evidence for immobility of both elements (Fig. 
8.8c). In contrast, substantial scatter can be observed in a diagram plotting Lu and La 
concentrations indicating that La/Lu ratios changed during alteration due to La mobility 
(Fig. 8.8d). 
Plots of chondrite-normalised REE data show that the patterns for altered rhyolites 
are generally steeper than the pattern of the precursor anrl that LREENIHREEN ratios 
increased during alteration (Fig. 8.9). Furthermore, Eu-contents of altered samples were 
modified with some samples showing strongly developed negative anomalies whereas 
others display only a minor deflection in their REE pattern. 
Analyses of the mottled alteration facies display the largest variations in the 
chondrite-normalised REE diagram (Fig. 8.9a). Heavy REE are generally depleted relative 
to the precursor whereas LREE are enriched and the size of the Eu anbmaly is strongly 
variable. The quartz-K-feldspar alteration facies is depleted in HREE which correlates 
with large mass gains during this type of alteration. REE patterns for. the quartz-pyrite 
alteration facies have very similar shapes and show variable depletion ofi BREE compared 
to the precursor (Fig. 8.9c). Light REE are uniformly enriched in the quartz-pyrite 
alteration facies and negative Eu anomalies are strongly developed. The chlorite-pyrite 
alteration facies is characterised by LREE enrichment and BREE concentrations which are 
similar to the precursor. Eu concentrations are relatively high and negative Eu anomalies 
are weakly developed. 
The component of change in REE ·concentrations related to absolute mass changes 
caused by major element mobility was removed from the data by normalisation to Lu, 
which was immobile during alteration. This procedure reveals that LREE enrichment is 
ubiquitous (Fig. 8 .10). However, the mottled alteration facies displays considerable and 
continuous spread in the magnitude of LREE addition with some samples overlapping 
with the precursor. Quartz-K-feldspar, quartz-pyrite and chlorite-pyrite alteration facies 
are uniformly enriched in LREE. Furthermore, these patterns show that Eu was depleted 
during qua1iz-pyrite alteration relative to the precursor whereas the chlorite-pyrite 
altera~ion facies is relatively Eu-enriched. The mottled alteration facies exhibits variable 
depletion and enrichment ofEu. 
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Fig. 8.9: Chondrite-normalised REE diagrams for variably altered footwall rhyolite. 
Samples of mottled, quartz-K-feldspar, quartz-pyrite and chlorite-pyrite alteration 
facies from the footwall alteration zone in section 5 (East Thalanga) are compared 
to the rhyolite type 1 precursor. Data are normalised to chondritic abundances of 
Boynton (1984), as reported in Rollinson (1993). 
(a) Mottled alteration facies 
(b) Quartz-K-feldspar alteration facies 
( c) Quartz-pyrite alteration facies ·· 
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Fig. 8.10: Chand.rite- and Lu-normalised REE diagrams for variably altered footwall 
rhyolite. 
Samples of mottled, quartz-K-feldspar, quartz-pyrite and chlorite-pyrite alteration 
facies from the footwall alteration zone in section 5 (East Thalanga) are compared 
to the rhyolite type 1 precursor. 
(a) Mottied alteration facies 
(b) Quartz-K-feldspar alteration facies 
( c) Quartz-pyrite alteration facies 
( d) Chlorite-pyrite alteration facies 
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The interpretation of Eu mobility based on REE patterns is supported by the 
irregular scatter of data points in a variation diagram plotting the measured concentrations 
ofEu and Lu (Fig. 8.1 la). This indicates that Eu was mobile within the footwall alteration 
zone. The net change in Eu content of single samples may be calculated from the Lu-
normalised data by subtracting the values for the precursor. A positive correlation can be 
observed between Eu/Eu* and Eu net change, showing that samples with Eu loss have 
deeper negative Eu-anomalies than the precursor whereas elevated Eu/Eu* values are 
associated with Eu gains (Fig. 8.11 b ). 
Changes in the magnitude of the Eu anomaly display an interesting relationship 
with the CCPI, a multi-element r!'.l.tio measuring relative enrichment of MgO and FeO over 
Na20 and K20 (section 8.2). Samples of the quartz-K-feldspar, mottled and quartz-
pyrite alteration facies define a general decreasing trend in Eu/Eu* with increasing CCPI 
(Fig. 8.1 lc). This indicates that Eu mobility due to alteration led to a deepening of the 
primary negative Eu anomaly with increasing alteration intensity. This relationship 
suggests that destruction of feldspar, in which Eu may be substituted, could be 
responsible for Eu leaching. However, samples of chlorite-pyrite alteration facies do not 
follow this trend and one sample of the mottled alteration facies also has a relatively high 
Eu/Eu* value. A possible explanation for this observation is discussed in section 8.6. 
In summary, it can be demonstrated that the REE data for variably altered footwall 
rhyolites in East Thalanga show the effects of changes in REE concentrations due to (1) 
total mass changes associated with major element mobility, (2) addition of LREE to the 
quartz-K-feldspar, mottled, quartz-pyrite and chlorite-pyrite alteration facies and (3) 
mobility of Eu. 
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Fig. 8.11: Mobility of Eu during hydrothermal alteration at Thalanga. 
(a) Data for Eu and Lu show substantial scatter indicating that Eu was mobile during 
hydrothermal alteration. 
(b) Net addition of Eu was associated with increasing Eu/Eu* (ie. decreasing negative 
Eu anomaly) whereas Eu loss is correlated with decreasing Eu/Eu* (ie. increasing 
negative Eu anomaly). Net changes of Eu contents (X~~ered sample -xr:cursor) were 
calculated from the Lu-normalised data in order to exclude any effects of mass 
chaf!ges superimposed on the REE concentrations. 
Eu/Eu* = EuN/..J(SmN * GdN) (Taylor & McLennan, 1985). 
(c) Eu/Eu* and CCPI are negatively correlated for the majority of the samples, 
indicating that increasing alteration intensity is correlated with increasing degree of 
Eu leaching. However, samples of the chlorite-pyrite alteration facies and one 
sample of mottled alteration facies do not conform with this trend. These samples 
(TH85A-422, TH85A-384, TH85A-349 and TH270-381) represent altered 
footwall rhyolite close to the Favourable Horizon which marks the position of the 
palaeo-seafloor during hydrothermal activity. Hence, anomalous Eu-enrichment 






































































8.5 Geochemical halo of the Thalanga deposit 
In this section, the composition of the footwall rhyolite and hangingwall dacite are 
examined in order to define systematic changes with distance from the Thalanga deposit. 
For this purpose, drill holes TH247 and TH270 were selected because they contain 
typical massive sulphides of West and East Thalanga and intersected substantial 
stratigraphic thicknesses of variably altered footwall rhyolite. Geochemical analyses of 
samples from these drill holes were made available by RGC Ltd., which substantially 
increased the density of data points. In order to examine the geochemical halo in the 
hangingwall dacite, drill hole TH3 82A was chosen because the hangingwall in East 
Thalanga consists mainly of one, thick dacite type 1 lava unit (Chapter 5, Fig. 5.5 and 
Fig. 7.7). The orientation of these drill holes with regard to the Favourable Horizon is 
variable and therefore drill hole depths do not reflect true stratigraphic position. Sample 
locations are indicated on drill hole traces in Figures 7.5 and 7.7. 
Drill hole TH247 (West Thalanga) was collared in least-altered footwall rhyolite 
-220 m below the Favourable Horizon and contains mainly mottled alteration facies 
overlain by quartz-pyrite alteration facies and massive sulphide with calcareous gangue 
(Fig. 8.12 and drill hole log in the Appendix, section 2). Drill hole TH270 in East 
Thalanga has a sub-parallel orientation to the Favourable Horizon for the upper 150 m of 
drill core and intersects zones of quartz-pyrite alteration which are comparatively 
chlorite-rich (Fig. 8.12 and drill hole log in the Appendix, section 5). This drill hole starts 
in weakly altered rhyolite -120 m stratigraphically below the Favourable Horizon. 
In the following, the variability of bulk rock geochemical data including major and 
trace elements are examined. Furthermore, microprobe analyses of chlorite and biotite 
from samples of TH247 are presented. Table 8.1 provides a summary of the principal 
results including a rating of the various geochemical parameters according to reliability as 
proximity indicators to the Thalanga deposit on a prospect and mine scale. 
8.5.1 Footwall halo 
Bulk-rock geochemistry 
In general, data from TH247 and TH270 reflect the geochemical characteristics of 
the various alteration facies in the footwall which were discussed in section 8 .2. However, 
some geochemical features show systematic changes correlated with distance from ore. In 
the following, trends in the data from drill holes TH247 and TH270 are compared in the 
light of their usefulness as ore-proximity indicators in the footwall to the Thalanga 
deposit. 
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Fig. 8.12: Geochemical proximity indicators to the Thalanga deposit. 
The potential of various major and trace elements and element ratios to indicate 
proximity to the Thalanga deposit is illustrated using data from representative drill 
holes through the footwall alteration zone in East and West Thalanga (TH270 and 
TH247) and through the hangingwall dacite (TH382A). The graphic logs are 
substantially simplified (see Appendix for original graphic logs and detailed 
lithological descriptions). Colours and symbols for data points indicate alteration 
facies; see Figure 8.14 for legend. Geochemical data: this study and analyses 
provided by RGC Ltd.; see Figures 7.5 and 7.7 for sample locations (data are 
presented in Tables A4 and A5 in the Appendix). 
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Major elements and alteration indices: The data from TH247 and TH270 indicate 
that the footwall alteration zones in East and West Thalanga differ somewhat in 
geochemical composition. In general, the footwall alteration zone in East Thalanga has 
higher values for MgO, S, AI and CCPI which is related to abundant zones of relatively 
chlorite-rich quartz-pyrite alteration facies (Fig. 8.12 and Figs. 7.5 and 7.7). 
In TH247, the concentration of Na20 decreases gradually towards the Favourable 
Horizon and values >2 wt.% are common in the lower part of the mottled alteration facies 
(Fig. 8.12). The concentration of MgO increases from background levels at the start of the 
hole (:S0.5 wt.%) to values around 2 wt.% in the central part of the alteration zone. 
Alteration Indices and CCPI are close to values typical for the least-altered rhyolite :incthe 
lower part of the mottled alteration facies but increase towards the Favourable Horizon. 
Sulphur concentrations are relatively low (:S0.5 wt.%) except for one sample of quartz-
pyrite alteration facies just below the massive sulphides. 
In TH270, Na20 values are below 0.5 wt.% for most samples and AI >95 
predominate (Fig. 8.12). A drop in AI just below the Favourable Horizon is correlated 
with a tremolite- and barite-rich sample of disseminated tremolite alteration facies. The 
pattern for S is somewhat erratic, although most samples have concentrations > 1 wt.%, 
and one zone of chlorite-rich quartz-pyrite alteration facies has exceptionally high S 
values (7 and 19 wt.%). This zone is also marked by peaks in MgO concentrations. 
Despite the somewhat erratic pattern of MgO, the CCPI increases smoothly from close 
to background values at the start ofTH270 to values >90 just below the ore. 
Increase of MgO, S, AI and CCPI and depletion of Na20 are characteristic 
geochemical features for the Thalanga footwall alteration zone. The potential of these 
parameters to be a guide in exploration is variable and controlled by the specific alteration 
facies present. In East Thalanga, the smooth increase in CCPI is an excellent guide to ore, 
due to intense Na20 depletion and abundance of chlorite-rich quartz-pyrite alteration 
facies. In West Thalanga, a comparatively smooth trend in Na20 depletion and a 
relatively subtle increase in CCPI (from 25 to 50) are reasonably well correlated with 
distance from the massive sulphides. 
Base metals: The concentrations of base metals in altered rhyolite show erratic 
variations with comparable ranges in East and West Thalanga. Although values higher 
than background are predominant, there are numerous samples showing base metal 
concentrations within the range of the least-altered rhyolite. There are no consistent 
trends in the base metal data which could be used as a guide to the massive sulphides in 
East or West Thalanga. Consequently, analyses of Cu, Pb and Zn have a low potential as 
vectors to ore and, in some instances, may not reveal the former presence of a 
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mineralising hydrothermal system. 
Trace elements: In general, the concentrations of barium show no consistent 
changes with distance from the Favourable Horizon. Nevertheless, Ba-rich samples in the 
vicinity of massive sulphides are potentially useful as mine-scale exploration vectors and 
correlate with local occurrences of barite. In East Thalanga, zones of the chlorite-rich 
quartz-pyrite alteration facies are marked by strong depletion in Ba. A general increase in 
the Rb/Sr ratio can be observed in East and West Thalanga, however there is considerable 
scatter and overlap with the range for the least-altered rhyolite. Just below the Favourable 
Horizon, the Rb/Sr ratio decreases dramatically in East Thalanga due to the presence of 
disseminated tremolite alteration facies. The con,:;entrations of Mo, Bi and As are 
generally less than 1 ppm in the least-altered footwall rhyolite. In contrast, altered 
footwall rhyolites often contain several ppm to > 10 ppm of these elements. In East 
Thalanga, the patterns are erratic and a correlation with distance from ore is not apparent. 
Spikes in the Mo, Bi and As concentrations are locally correlated with occurrences of 
pyrite-rich alteration facies. In West Thalanga, elevated values of Mo and As (> 10 ppm) 
are restricted to the quartz-pyrite alteration facies immediately below massive sulphides. 
In general, Tl concentrations are close to, or below, the detection limit (<0.5 ppm) for all 
samples regardless of alteration facies. However, elevated Tl values (>3 ppm) occur m 
samples just below the Favourable Horizon in TH247, TH270 and TH382A. 
In summary, Ba concentrations are strongly controlled by the mineralogy (ie. 
abundance of Ba bearing minerals such as muscovite, K-feldspar or barite) of alteration 
facies and may be emiched or depleted in the footwall alteration zone compared to least-
altered footwall rhyolite. The Rb/Sr ratio is a good indicator of feldspar-destructive 
alteration and generally increases towards the Favourable Horizon in East and West 
Thalanga. However, occurrences of Ca-bearing, non-primary minerals (epidote, calcite 
and/or tremolite) have a strong effect on this ratio, causing substantial distortion of the 
trend in TH270. Anomalies in the concentrations of Mo, Bi and As distinguish the 
footwall alteration zone from the least-altered rhyolite and may be useful in regional- to 
prospect-scale base metal exploration. In contrast, elevated Tl values are restricted to 
samples immediately below, or laterally adjacent to, massive sulphides and may be 
regarded as a mine-scale vector to ore. 
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Mineral chemistry 
Microprobe analyses of chlorite and biotite were presented and discussed in relation to 
the metamorphism of the Thalanga sequence in Chapter 4. Here, analyses of chlorite and 
biotite in samples of altered rhyolite from TH24 7 in West Thalanga and their 
compositional variations with regard to proximity to ore are examined. The abundances of 
chlorite and biotite in single samples vary substantially; they are relatively r~e in least-
altered rhyolite whereas samples of altered and least-altered rhyolite contain significant, 
but variable, amounts. However, chlorite and biotite from any single sample are 
homogeneous in composition. 
Chlorite: Chlorites at Thalanga have close to 12 cations per formula unit (pfu) m 
octahedral positions and contain significant Al which is fairly evenly balanced between 
tetrahedral and octahedral positions (Fig. 4.11 ). The relative proportions of iron and 
magnesium cations vary substantially between samples and a continuous compositional 
range from nearly pure clinochlore (Mg-rich end-member) to chlorite with XMo 
0 
(Mg/[Mg+Fe]) - 0.5 is present (Fig. 8.13a). A tightly constrained linear trend indicates a 
simple substitution of Mg[6] <=> Fe2+[6]. Least-altered rhyolites have accessory chlorite 
with high iron concentrations. Samples of the mottled alteration facies contain chlorites 
with a comparatively large range in the proportions of iron and magnesium cations ( 4.5 to 
1 Fe pfu; 4.5 to 8 Mg pfu). Very Mg-rich chlorites occur in the quartz-pyrite alteration 
facies and in the carbonate-chlorite-tremolite alteration facies. 
Biotite: The octahedral positions in biotites are occupied by variable proportions of 
iron and magnesium. Biotites of the mottled alteration facies are more Mg-rich than 
biotite in the least-altered and weakly altered rhyolite (Fig. 8.13b ). Biotites with the 
highest XMg occur in the quartz-pyrite alteration facies. The well constrained correlation 
between the abundance of Fe and Mg cations indicates a simple substitution of Mg[6] <=> 
Fe2+[6]. The biotites also contain significant, but variable concentrations of fluorine. 
Fluorine contents of <0.2 pfu are restricted to the least-altered rhyolite from the outcrop 
section (Fig. 8.13c) whereas biotites in the quartz-pyrite alteration facies in West 
Thalanga (sample TH247-347) contain 1.5 to 1.8 pfu of F (::: 3.6 wt.%; detection limit: 
0.3 wt.%). Biotites in the altered and least-altered rhyolite from TH247 have F contents 
in the range of 0.2 to 1 F pfu. In contrast, chlorine concentrations are always close to, or 
below, the detection limit (0.05 wt.%) (Table A6 in the Appendix). 
Vectors to ore: Microprobe analyses from samples of TH247 in West Thalanga 
indicate that chlorites and biotites are homogeneous in composition on a thin section scale 
and that X~~ and X~~ increase systematically approaching the massive sulphides (Fig. 
8.14). 
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Fig. 8.13: Compositional ranges of chlorite and biotite in samples of variably altered 
footwall rhyolite. 
(a) The contents of Mg and Fe cations in chlorite vary systematically among samples 
of the least-altered and weakly altered footwall rhyolite, mottled alteration facies, 
quartz-pyrite alteration facies and carbonate-chlorite-tremolite alteration facies. 
(b) The contents of Mg and Fe cations in biotite vary systematically among samples of 
the least-altered and weakly altered footwall rhyolite, mottled alteration facies and 
quartz-pyrite alterat1on facies. 
(c) Biotites in the Thalanga footwall alteration zone are variably enriched in fluorine. 
The quartz-pyrite alteration facies contains particularly F- and Mg-rich biotite 
(fluoro-phlogopite ). 
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The least-altered rhyolites at the start of drill hole TH247 have accessory chlorite 
with relatively high iron concentrations (X~~ = 0.45; Fig. 8.14a). However, approaching 
the ore position, X~~ increases steadily and the highest X~~ values ( -0.96) are recorded 
in the carbonate-chlorite-tremolite alteration facies associated with semi-massive 
sulphides. The relative proportions of magnesium and iron in biotite also change 
substantially with increasing proximity to ore. The XMg of biotite increases gradually 
from 0.5 in the least-altered rhyolite to a rnaxirntun value of 0.95 just below the massive 
sulphides in the quartz-pyrite alteration facies (Fig. 8. l 4b ). 
8.5.2 Hangingwall halo 
Bulk-rock composition 
Hangingwall dacite type 1 in drill hole TH382A is relatively monotonous in geochemical 
composition (Fig. 8.12). However, high Na20 values (5 to 7 wt.%) and AI <15 indicate 
substantial al bite alteration in the upper part of the drill hole, whereas in the lower part of 
the hole Na20 and AI are similar to the least-altered dacite type 1 (Table 6.2). 
Consequently, the decrease in Ba in the upper part of TH3 82A is probably related to 
potassium loss associated with albite alteration. It seems unlikely that the decrease in 
Na20 from 7 to 4 wt.% and the increase in Ba towards the Favourable Horizon is related 
to the proximity of massive sulphides. Rather, the lower part of the dacite lava is 
comparatively less altered than the upper part because it experienced progressively less 
Na-enrichment and is similar in composition to least-altered samples of dacite type I. 
However, dacite sampled -20 m above the Favourable Horizon (TH382A-400) shows 
elevated concentrations of Zn, Pb and Bi compared to dacite higher up in the sequence 
(Fig. 8.12). This sample also contains anomalous sulphur (0.07 wt.%) which is unusual 
because, in general, dacite is sulphur-poor with values below detection limit (<0.01 
wt.%). The emichment in S, Zn, Pb and Bi may be related to localised, late stage activity 
of the Thalanga hydrothermal system. 
Regionally, albite alteration is common in hangingwall dacite but its distribution 
within the stratigraphic sequence and along strike is not systematic. Albite alteration 
occurs in dacite overlying ore lenses and in sections without significant massive sulphide 
occurrences (eg. samples TH62C-680 and TH62C-142 in section 1). Hence, it appears 
that albite alteration was unrelated to the Thalanga hydrothermal system and it is not a 
general indicator of proximity to massive sulphides at Thalanga. 
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Fig. 8.14: Compositional changes of chlorite and biotite in altered footwall rhyolite with 
distance from massive sulphides in West Thalanga. 
The XMg (Mg/[Mg+Fe]) of chlorite and biotite in samples of drill hole TH247 
increases systematically approaching massive sulphides in the Favourable Horizon. 
The data show that the composition of chlorites and biotites are homogeneous on a 
thin section scale where different crystals have almost identical XMg values. 
Numbers in brackets: (number of analyses I number of crystals analysed) per thin 
section. 
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.,. lower Nap and Ba content in dac1te proximal to massive sulphides 1nd1cate that these samples were not sub ected to alb1te alteration. This feature is probably unrelated to the fact 
that these samples are proximal to ore. 
2>: except for samples of carbonate-chlorite-tremolite alteration fac1es and disseminated tremohte alteration facies close to the Favorable Horizon which have low Al and low Rb/Sr. 
Al: Alteration Index (Ishikawa, 1974)= 100 * (MgO + Kp)t(MgO + ~O +Cao+ Nap) 
CCPI: Carbonate-Chlorite- Pynte Index (Large, 1996) = 100 • (MgO + FeO)/(MgO + FeO + ~O +Nap) 
v': well developed geochemical anomaly, (.I')· locally developed geochemical anomaly or substantial scatter in the data 
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8.6 Discussion 
The geochemistry of the footwall rhyolite was substantially modified during 
hydrothermal alteration and important compositional changes include enrichments in 
silica, iron, sulphur and magnesium and depletion of sodium. These features are 
consistent with the abundance of quartz, muscovite, chlorite, biotite and pyrite in the 
mottled alteration facies and quartz-pyrite facies, which, together, represent the bulk of 
the footwall alteration zone. The Mg-rich character of footwall alteration indicates that 
hydrothermal fluids associated with mineralisation at Thalanga were dominantly 
seawater-derived ( cf. Reed, 1997). 
Mass changes in the footwall alteration zone 
Results of mass balance calculations show that silica was mobile during 
hydrothermal activity and that substantial silicification was associated with quartz-pyrite 
and quartz-K-feldspar alteration facies. Mass changes in silica in the mottled alteration 
facies are variable and mass balance results for single samples range between large losses 
and gains. On average, there was little silica addition to the mottled alteration facies 
suggesting that these mass changes could be due to internal redistribution of Si02 within 
the broad alteration zone below the Thalanga deposit. Silica was lost in chlorite-pyrite 
alteration facies which indicates that this type of alteration was associated with a silica-
undersaturated hydrothermal fluid. Since the chlorite-pyrite alteration facies is limited to 
a narrow zone immediately below massive sulphides in section 5, it is inferred that these 
particular conditions of alteration were spatially and temporally restricted. 
In contrast to the ubiquitous loss of sodium, potassium was conserved or enriched 
in the footwall alteration zone. The mottled and quartz-K-feldspar alteration facies have 
gained potassium during alteration whereas the pyrite-rich alteration facies show minor, 
erratic mass changes in K20. 
Total mass changes are variable for the different alteration facies in the footwall and 
are generally controlled by the mass changes for Si02 (Fig. 8.5). The mottled alteration 
facies shows little total mass gain (5 g/100 g) whereas total gains for the quartz-pyrite and 
quartz-K-feldspar alteration facies are substantial (35 and 45 g/100 g, respectively). 
Calcareous alteration ( carbonate-chlorite-tremolite and disseminated tremolite alteration 
facies) are characterised by large total mass gains attributable to addition of MgO and 
CaO. 
Changes in the total mass of volcanic rocks may be related to replacement of glassy 
or devitrified groundmass with minerals of different density. Mass addition can also be 
accommodated by filling of primary cavities in coherent rhyolite such as vesicles, 
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lithophysae, vughs and quench fractures or intraclast space in elastic facies. However, 
mass changes may also lead to changes in rock volume causing compaction due to mass 
loss or expansion of rock volume due to mass gain. Substantial expansion of rock volume 
may be associated with large mass gains in rocks close to the near-seafloor environment, 
were confining pressures are relatively low. Exceptionally large total mass gains 
( ~ 120 g/100 g, Fig. 8.6) have been calculated for the carbonate-chlorite-tremolite alteration 
facies which occurs near, or at the palaeo-seafloor in West Thalanga. It may be inferred 
that this alteration facies was generated by a process involving expansion of the rock 
volume. 
Hydrothermal alteration and REE concentrations in alteredfootwall rhyolite 
Mass changes also had an effect on the concentrations of REE. Altered samples which 
experienced mass gains have relatively low values for HREE such as Lu and Yb which 
were immobile during alteration. However, in addition to the effects of total mass change, 
enrichment of LREE occurred in the footwall. The amount of LREE addition varies among 
samples and among alteration facies. Some samples of mottled alteration facies have 
LREE values similar to the least-altered rhyolite (Fig. 8.1 Oa). All the samples of altered 
rhyolite analysed for REE are from the upper part of the footwall alteration zone (:Sl 00 
m below the palaeo-seafloor marked by the Favourable Horizon). One possibility is that 
LREE were leached from further down in the footwall and precipitated during interaction 
with rhyolitic country rock in the relatively shallow part of the hydrothermal system. 
The identity of REE-bearing minerals responsible for the LREE enrichment at 
Thalanga is uncertain. However, LREE might be incorporated into cation exchange sites in 
clay minerals (Menzies et al., 1979). Since formation of hydrothermal phyllosilicates was 
clearly part of the alteration processes at Thalanga, it is plausible that substitution of 
LREE into such minerals may have caused the general increase in LREEIHREE ratio 
during alteration. 
Judging from the variably developed Eu anomaly in chondrite- and Lu-normalised 
REE patterns, the behaviour of Eu appears to have been somewhat inconsistent during 
alteration. Nevertheless, there is a highly correlated relationship between Eu/Eu* and net 
change of Eu indicating that stronger negative Eu anomalies are due to Eu loss whereas 
high Eu/Eu* values are related to Eu gain (Fig. 8.llb). Interestingly, a well defined 
negative trend exists between the CCPI and Eu/Eu* for the majority of samples, 
indicating that increasing intensity of alteration was accompanied by Eu loss (Fig. 8.11 c ). 
However, samples of the chlorite-pyrite alteration facies and one sample of the mottled 
alteration facies do not follow this general trend but show elevated Eu/Eu * values (Fig. 
8.1 lc). One possible explanation for this diverging behaviour of Eu may be suggested by 
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considering the spatial distribution of samples with regard to the mineralised Favourable 
Horizon in East Thalanga. Samples which follow the trend of Eu/Eu* decrease and CCPI 
increase are from depths ~ 30 to 100 m stratigraphically below the massive sulphides 
whereas samples TH85A-384 and TH270-381 come from the chlorite-pyrite alteration 
facies directly below the Favourable Horizon (~ 5 m). The chlorite-pyrite alteration facies 
is rare at deeper levels in the footwall and sample TH85A-349 represents an exceptional, 
0.5 m wide interval of chlorite-pyrite-rich rhyolite -40 m below massive sulphides (Fig. 
7.7 and log of DDH TH85A in the Appendix). The sample of mottled alteration facies 
with elevated Eu/Eu* (sample TH85A-422) comes from volcaniclastic facies of rhyolite 
type 1 within the Favourable Horizon. Thus, it appears that Eu enrich~d samples are 
concentrated close to the palaeo-seafloor marked by the Favourable Horizon where 
conditions of alteration may have been different during hydrothermal activity compared 
to further down in the volcanic pile. Hence, it is possible that Eu which had been leached 
by hot, hydrothermal fluids in the deeper part of the footwall (30 to ~100 m) may have 
been precipitated in the immediate sub-seafloor environment due to rapid cooling and/or 
mixing with ambient seawater and incorporated into hydrothermal clays or chlorite. 
Interestingly, metalliferous muds from the Red Sea. show positive Eu anomalies 
indicating that Eu-precipitation does occur in mineralising systems on the modem ocean 
floor (Calvez et al., 1988; Courtois and Treuil, 1977). However, in the Thalanga case, the 
data base is presently not co~prehensive enough to draw any definitive conclusions on 
the processes controlling REE mobility during hydrothermal alteration. 
Geochemical halo of the footwall alteration zone 
At Thalanga, geochemical anomalies associated with hydrothermal alteration in the 
footwall can be detected at least 300 m below the Favourable Horizon and up to 100 m 
laterally beyond the mineralised position. However, most geochemical features of the 
altered rhyolites are strongly variable due to the mineralogical diversity of alteration. 
Therefore, geochemical patterns within the footwall are mainly controlled by the 
particular alteration facies present and straightforward trends with distance from ore are 
the exception rather than the rule. Nevertheless, several geochemical parameters are 
consistently different in the footwall alteration zone compared to the least-altered 
rhyolite and show trends correlated with distance from ore that may be useful in 
prospect-scale base metal exploration. These include elevated MgO, S, AI, CCPI, Rb/Sr, 
Mo, Bi, and As values and depletion in Na20. 
Immediate proximity to ore is often indicated by elevated values for Ba, S, Mo, As, 
Tl, AI or CCPI just below, or laterally adjacent to, massive sulphides. It is remarkable 
that Tl, which generally has concentrations :S0.5 to 1 ppm regardless of alteration facies, 
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commonly shows elevated concentrations (> 3 ppm) close to, and within the Favourable 
Horizon. This suggests that Tl may be an important element for the identification of 
particular horizons within the stratigraphy which could be prospective for VHMS 
deposits. Interestingly, previous studies concerned with the geochemical halo of 
hydrothermal mineral deposits also recognised the importance of Tl as an indicator of 
proximity to ore (Ikramuddin et al., 1983; Moller et al., 1983). 
In a similar fashion, the enrichment in Eu and elevated Eu/Eu* values for chlorite-
pyrite and mottled alteration facies sampled close to the massive sulphides may be 
important for the identification of prospective sites in VHMS-related alteration zones. 
However, the data base is too limited to allow for any definite conclusi0ns to be drawn. 
Mineral chemistry of chlorite and biotite in footwall rhyolite 
A very well constrained correlation exists between XMg of chlorite and biotite and 
distance from the West Thalanga ore lens. An important factor contributing to the trends 
(Fig. 8.14) is the homogeneous composition of chlorite and biotite on a thin section scale. 
This contrasts with data obtained for various phyllosilicates in drill core samples from 
the active TAG hydrothermal system (situated close to the mid-oceanic spreading ridge in 
the Atlantic Ocean) which show substantial small-scale variability and evidence for 
disequilibrium crystallisation (Honnorez et al., 1998). It is likely that hydrothermal 
phy llosilicates at Thalanga were also heterogeneous in composition originally but 
recrystallisation and equilibration of muscovite-biotite-chlorite assemblages during 
metamorphism resulted in chemical homogenisation. 
The cause for the gradual increase in XMg of chlorite and biotite in altered rhyolite 
approaching the Favourable Horizon is not immediately apparent. It could be argued that 
the trends simply reflect an increasing influence of ambient seawater seeping into the 
volcanic strata. If this was the case, similar trends could be expected in a scenario where 
alteration is solely due to circulation of relatively cool seawater in the sub-surface and 
hot, metal-bearing hydrothermal fluids are absent. However, there are well constrained 
trends between increasing XMg of chlorite and biotite and increasing CCPI (Fig. 8 .15) 
which indicate that the changes in XMg are a genuine feature of increasing intensity of 
hydrothermal alteration. This line of argument is supported by the general Mg-rich 
character of hydrothermal alteration at Thalanga which indicates that evolved seawater 
was the main component of the hydrothermal fluid. 
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Fig. 8.15: Comparison of whole rock Carbonate-Chlorite-Pyrite-Index and XMg of chlorite 
and biotite of altered footwall rhyolite. 
(a) 
(b) 
The positive correlations between XMg of chlorite and biotite and CCPI, calculated 
from the respective bulk rock geochemical analyses, indicate that increasing XMg 
values are a result of increasing intensity of hydrothermal alteration. 
XMg ( chlorite) versus CCPI 
XMa (biotite) versus CCPI 
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An interesting compositional feature of biotites in the footwall alteration zone is 
their high fluorine content, especially in the quartz-pyrite alteration facies. With regard to 
the origin of the fluorine it is important to note that hydrothermal vent fluids are depleted 
in F relative to seawater (Von Damm et al., 1985). This suggests that seawater-derived 
fluids may loose F during interaction with the oceanic crust which could be incorporated 
into some hydrothermal phyllosilicates. Based on thermodynamic calculations Seyfried 
and Ding (1995) concluded that talc may represent a sink for F which may form during 
hydrothermal alteration of basalt. Another alternative is that the fluorine came from a 
magmatic source and that the hydrothermal fluid was a mixture of a fluorine-rich igneous 
and Mg-rich, seawater-derived fluids. However, additional Cl and F whole rock analyses, 
stable isotope data and fluid inclusion studies are required to confirm any involvement of 
a magmatic fluid phase. Such investigations, which could help to clarify the source of the 
hydrothermal fluids at Thalanga, were beyond the scope of this study. 
Geochemistry of altered hangingwall dacite 
Geochemical and mass changes in the hangingwall dacite are of a substantially smaller 
scale than in the footwall alteration zone and mainly involve mobility of silica and 
alkalies. Typically, samples of the hangingwall dacite have lost K20 due to albite 
alteration. Furthermore, the geochemical data show that the hangingwall dacite is 
relatively poor in sulphur, iron, sulphur, base metals (Cu, Pb, Zn) and trace elements 
such as Ba, Rb, As, Bi and Mo. These features support the conclusion that the dacites 
were emplaced after hydrothermal activity associated with mineralisation had ceased and 
that the weak alteration of the hangingwall could be related to background seafloor 
alteration (diagenetic alteration and low-grade sub-seafloor metamorphism) post-dating 
hydrothermal activity. 
Nevertheless, elevated Zn, Pb, Bi and S concentrations have been detected in one 
sample of dacite type 1 in section 5, ~20 m stratigraphically above massive sulphides 
(sample TH382A-400, Fig. 8.12). Hill (1996) established that minor sphalerite and galena 
were partially remobilised during deformation and emplaced locally in piercement 
structures in the lower parts of coherent hangingwall dacite in contact with massive 
sulphides. However, the basal contact of dacite type 1 lava in section 5 conformably 
overlies polymictic breccia (facies El; drill core log of TH382A in the Appendix and 
Table 5.3) and brittle fractures filled with sulphides are not present. Consequently, it 
seems more likely that locally, minor hydrothermal activity was on-going during 
emplacement of dacite type 1 leading to weak alteration of the basal part of the lava and 
precipitation of minor sulphides. 
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8.7 Summary 
The effects of alteration on the geochemical composition o(the footwall rhyolite and 
hangingwall dacite have been examined using analyses of major, trace and rare earth 
elements. The principal results can be summarised as follows: 
• the major element composition of the footwall rhyolite was substantially modified 
during hydrothermal alteration, the most prominent changes include sodium depletion 
and addition of silica, iron, magnesium and sulphur; 
• most alteration facies present at Thalanga can be successfully discriminated 
geochemically in the Alteration Boxplot; 
• mass balance calculations show that Si02 was a major mobile component during 
alteration; strong silicification was associated with pyritic alteration (quartz-pyrite 
alteration facies) but occurred also on the fringes of the hydrothermal system (quartz-
K-feldspar alteration facies); 
• potassium was conserved during intense, pyritic alteration and added in variable 
amounts to mottled and quartz-K-feldspar alteration facies; 
• variations in the concentrations of trace elements such as Ba, Rb, Sr, As and Bi are 
interpreted to reflect strong mineralogical controls on their abundances; 
• LREE and Eu were mobile during hydrothermal activity in the footwall alteration 
zone (LREE were added and Eu was variably depleted and enriched); 
• several geochemical features of the footwall alteration zone show systematic changes 
correlated with distance from the mineralised Favourable Horizon and a number of ore 
proximity indicators have been identified (Table 8.1); 
• alteration of the hangingwall dacite is weak and characterised geochemically by 
mobility of silica, widespread K20 loss, Na20 addition and localised CaO enrichment 
associated with epidote alteration; 
• alteration in the hangingwall probably occurred after the principal hydrothermal 
activity had ceased; 
• rare local occurrences of geochemical anomalies (elevated Zn, S and Bi) in the 
hangingwall dacite above ore in East Thalanga could be the result of minor, localised 
late-stage hydrothermal activity. 
The geochemical data for the altered footwall rhyolite, especially the association of 
Mg-enrichment and pyritic alteration, indicate that hydrothermal fluids at Thalanga were 
seawater-derived. 
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9 Discussion: Volcanology and alteration of the Thalanga 
sequence and implications for massive sulphide 
mineralisation 
In this chapter, the results of this study are summarised and genetic implications for 
massive sulphide mineralisation at Thalanga are discussed. The volcanic evolution of the 
Thalanga sequence has been constrained, providing important information on the 
geological environment of mineralisation. A model for the evolution of the Thalanga 
hydrothermal system is proposed by critical examination of the textural, mineralogical 
and geochemical evidence and comparison with other studies of VHMS-related alteration 
zones. 
9.1 The environment of VHMS-style mineralisation 
9.1.1 Volcanological setting of the Thalanga deposit 
The Thalanga massive sulphide deposit is located at the top of a ~ 1,000 m-thick, rhyolitic 
lava-dominated succession which formed in a below-wave-base, submarine environment. 
This volcanic centre was constructional, rising up to 500 m above the surrounding area, 
during the time of massive sulphide formation (Chapter 5). Mineralisation appears to 
have occurred preferentially in localised shallow depressions ( <20 m deep) which were 
also depocentres for coarse, quartz crystal-rich mass-flow emplaced units (QEV). 
The P ACMANUS hydrothermal field in the Manus basin (Papua New Guinea) 
represents a modern analogue for the Thalanga deposit. This field consists of several 
hydrothermally active areas and sulphide deposits at 1,630 m below sea level, near the 
top of a 20 km long, 1 to 1.5 km wide, ridge of dacite which rises 400 to 600 m above the 
surrounding seafloor (Binns & Scott, 1993). 
The Thalanga mine area remained a centre of effusive volcanic activity after 
mineralisation and the hangingwall contains different types of dacite lavas and intrusions 
and locally-derived, monomictic and polymictic mass-flow-emplaced breccia units. In 
contrast, hemipelagic mudstone and turbidites, partly derived from an unknown ?distal 
source, accumulated in the laterally equivalent area to the west of the deposit. The 
topographically high Thalanga volcanic centre did not receive the mass-flow transported 
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sedimentary input from external sources. 
This interpretation of the volcanic facies architecture, based on detailed facies 
analysis in seven cross sections, represents a substantial advance in the understanding of 
the geological setting of massive sulphide mineralisation at Thalanga. Volcanic facies 
recognition and interpretation involved detailed textural observations on hand specimen 
and thin section scale and comparison with published descriptions of the characteristics 
of other submarine, volcanic successions hosting massive sulphide deposits ( eg. De 
Rosen-Spence et al., 1980; Allen, 1988, 1992, 1996a, 1996b; Morton et al., 1991; Cas, 
1992; McPhie & Allen, 1992; Gibson et al., 1993; McPhie .et al., 1993; Doucet et al., 
1994). Correct distinction of primary from alteration-related textures is particularly 
important in such successions. Allen (1988) studied the textural effects of hydrothermal 
alteration on felsic volcanics and demonstrated that apparent elastic textures in altered 
silicic lavas at Benambra (Victoria, Australia) are the result of domainal and multi-stage 
hydrothermal alteration processes. Textural criteria for the discrimination of apparent and 
genuine volcaniclastic facies in altered volcanic sequences presented by Allen (1988) were 
adopted and developed for facies interpretation in the Thalanga footwall alteration zone 
(Chapter 5 and Paulick & McPhie, 1999). The footwall at Thalanga consists dominantly 
of altered coherent facies of rhyolite lavas, however rocks with apparent elastic textures, 
previously interpreted as 'pyroclastics' (Wills, 1985; Gregory et al., 1990), are very 
common. The textural evolution of the altered footwall rhyolite was controlled by various 
factors, including the primary textural heterogeneity ( eg. distribution of glassy and 
crystalline groundmass domains), domainal alteration during hydrothermal activity, and 
recrystallisation during upper greenschist facies metamorphism and regional deformation. 
9.1.2 Facies characteristics of submarine, felsic, lava-dominated volcanic centres 
The Thalanga volcanic centre represents a felsic, non-explosive, submarine dome and lava 
complex and the footwall and hangingwall to the massive sulphides are dominated by 
rhyolite and dacite lavas, domes and syn-volcanic intrusions. The internal organisation of 
domes, cryptodomes and lavas is complex and variable and has been described in detail by 
several authors (Pichler, 1965; Yamagishi & Dimiroth, 1985; Kokelaar, 1982; Cas et al., 
1990a; Kano et al., 1991; Allen, 1992; Cas, 1992; McPhie et al., 1993; Goto & McPhie, 
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1998). All three types of emplacement units consist of variable proportions of coherent 
facies and in situ or resedimented volcaniclastic facies. Volcaniclastic facies may include 
peperite, hyaloclastite, autobreccia and resedimented, syn-eruptive volcaniclastic debris. 
In general, domes and cryptodomes have high aspect-ratios; common lateral and vertical 
dimensions are both in the range of tens of m to >I 00 m. Laterally extensive submarine 
felsic lavas have thicknesses up to -400 m and relatively low aspect ratios since they 
typically extend for several kilometres away from their vents (De Rosen-Spence et al., 
1980; Cas, 1978, 1992). 
At Thalanga, the maximum t11icknesses of the var10us emplacement units range 
between -50 and >250 m. Their lateral dimensions are difficult to constrain due to the 
wide spacing of drill holes and cross sections but estimated minimum extents are generally 
in the order of 500 m to 1,000 m (Table 5.1). Based on systematic changes in the 
lithofacies assemblages and geometry of the Thalanga sequence along strike a general 
facies model for submarine, felsic lava-dominated volcanic centres is suggested (Fig. 9.1). 
The proximal facies association of such volcanic centres consists of a thick package 
of lavas, domes, cryptodomes and syn-volcanic intrusions dominated by coherent facies. 
Different lavas may be distinguishable on the basis of phenocryst assemblages and/or 
geochemical characteristics such as immobile element ratios. The volcaniclastic facies in 
this setting consist predominantly of in situ and/or resedimented lava-derived autoclastic 
breccia. Such breccias are typically monomictic. However, polymictic breccia, containing 
locally-derived clasts from several petrographically distinct lavas may also occur. The 
lateral extent of resedimented volcaniclastic breccia units is generally limited to confined, 
local depressions which are defined by constructional volcanic features such as steep --
margins of lavas and domes. The non-volcanic sedimentary facies are dominated by 
suspension-settled, laminated or massive hemipelagic mudstone. During periods of 
volcanic quiescence, laterally extensive, continuous horizons consisting of mudstone and 
mass-flow-emplaced, resedimented volcaniclastic units may form. Such facies may 
include chemical sediments such as silica-ironstones and are potential hosts for massive 
sulphides. 
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Fig. 9. I: Facies model for subaqueous, non-explosive felsic volcanic centres based on the 
volcanic facies architecture of the Thalanga sequence. 
Proximal, medial and distal facies associations have been summarised on graphic 
logs. Recognition of stratigraphic levels indicating periods of relative volcanic 
quiescence is important because these horizons may be prospective for seafloor 
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In the medial facies association, the total thickness of volcanic units is somewhat 
less than in the proximal facies. Resedimented autoclastic breccia units are abundant, 
reflecting the importance of mass-flow processes on the flanks of the volcanic centre. 
Sedimentary facies may include turbidites derived from local or remote sources, especially_ 
in the upper part of the succession. 
The most important feature of the distal facies association is the subst~tial increase in 
the abundance of sedimentary lithofacies, dominated by mudstone and turbidites, which are 
at least partially derived from extrabasinal sources. Although not observed in the Thalanga 
sequence, the distal facies association may also include syn- and post-eruptive .volcaniclastic 
mass-flow units composed of various proportions of pumice, shards, crystals, crystal 
fragnents and litbic clasts derived from explosive volcanic centres elsewhere in the basin. 
Mass-flows from foreign volcanic or sedimentary sources do not form deposits on the 
topographically elevated volcanic centre and are therefore absent in the proximal facies 
association. The distal facies may also include lavas consisting of variable proportions of 
coherent and volcaniclastic facies. Extensive outflow of felsic lavas is not common and may 
require special conditions that favour relatively low viscosity (eg. high temperatures, high 
volatile contents and high eruption rates) (Cas, 1978). However, the overall thiclmess of 
volcanic units is substantially reduced and it is inferred that lavas and lava-derived 
volcaniclastic facies become increasingly scarce with distance from the volcanic centre. 
Furthermor~ any hiatus in eruptive activity at the volcanic centre may result in a substantial 
decrease of locally-derived, volcaniclastic facies in the distal facies association. 
9.1.3 Water depth controls on eruption so/les and formation of VHMS deposits 
In reviewing styles of submarine volcanism and the geological setting of massive sulphide 
deposits, Cas (1992) concluded that deep submarine environments are especially 
favourable for VHMS mineralisation. This interpretation was based on the presence of 
sedimentary facies (hemipelagic mudstone and turbidites) indicating relatively deep-water 
settings in the host successions of various VHMS deposits, theoretical considerations 
concerning massive sulphide ore genesis (in particular the prevention of fluid boiling) and 
the analogy with modei::n, massive sulphide-bearing hydrothermal fields which occur in 
deep marine environments(> 1,000 m water depth; Rona & Scott, 1993). 
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The ambient hydrostatic pressure influences the eruption styles (explosive versus 
effusive) of submarine magmas and is also an important controlling factor on the 
processes involved in the precipitation of sulphides from hydrothermal solutions. In 
order to generate instantaneous expansion of volatiles and explosive fragmentation during 
pyroclastic or phreatomagmatic eruptions the volatile pressure (Pv) must substantially 
exceed the ambient pressure (PA). In the marine environment, the maximum water depth 
at which explosive volcanic eruptions are likely to occur (ie. where PA << Pv) is 
controlled by a number of factors including hydrostatic pressure, magma composition, 
temperature, characteristics of the volatil_~s (including activities of volatile species and 
salinity), magma rise rate and character of the conduit (open or closed) (McBirney, 1963; 
Moore, 1965; Peckover et al., 1973; Wilson, 1980). McBirney (1963) demonstrated that 
H20 has a low specific volume under confining pressure >200 bar and magmatic 
temperatures (2:800 °C), but the specific volume increases significantly at pressures <100 
bar. This indicates that explosive volcanic eruptions are probably restricted to water 
depths <1,000 m, where volatile pressures may substantially exceed the ambient 
hydrostatic pressure. This depth estimate should be lower if other constraining factors 
are taken into account (eg. aco2 in the volatile phase, Wilson, 1980) and Cas (1992) 
concluded that the maximum water depths for subaqueous, explosive volcanic eruptions 
are in the range of 500 to 1,000 m. However, the maximum water depth at which 
explosive volcanic eruptions may occur is still a contentious issue and Lentz et al. (1999) 
argued that the importance of the salinity of magmatic fluids has been underestimated. 
Lentz et al. (1999) suggested that pyroclastic fragmentation may occur even at water 
depths >3,000 m ifthe magmatic fluid driving the explosions contains> 1 wt.% NaCL 
Precipitation of sulphides from hydrothermal fluids is a complex process controlled 
by factors including fluid composition, fluid temperature, pH, oxidation-reduction state, 
and ambient pressure (eg. Henley & Ellis, 1983). The ambient pressure imposes 
constraints on fluid boiling. If boiling is prevented, which is likely to be the case in deep 
marine settings, massive sulphides may form on, or just below, the seafloor ( eg. 
Drummond & Ohmoto, 1985). In contrast, if sulphide precipitation is related to fluid 
boiling in the subsurface disseminated stockwork deposits may form rather than seafloor 
massive sulphides. 
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The sedimentary facies association at Thalanga consists of mudstone and turbidites 
that are characteristic of below-wave-base, marine sedimentation. Furthermore, the 
presence of massive sulphide lenses, which formed at, or just below the· palaeo-seafloor 
(Hill, 1996) indicates that water depths were high enough to prevent fluid boiling. The 
absence of locally sourced pyroclastic facies and the dominance of effusive volcanism are 
also consistent with a relatively deep marine setting where explosive volcanic activity 
was inhibited due to high ambient hydrostatic pressure. Collectively, these considerations 
imply that the Thalanga deposit probably formed in a deep submarine envirorn::nent, at 
water depths in excess of 1,000 m. 
Nevertheless, it should be noted that several studies concerned with the geological 
setting of massive sulphide formation have concluded that mineralisation occurred in 
'shailow' environments (<<l,000 m water depth) (Sainty, 1992; Allen et al., 1996b; Halley 
& Roberts, 1997; Hunns & Zaw, 1997; Marani et al., 1997). The controls on massive 
sulphide formation in these settings are poorly understood, however, Halley & Roberts 
( 1997) proposed that fluid chemistry, especially low-salinity fluids (possibly derived from 
a subaerial recharge zone), may have been important in the genesis of the Henty Au-rich 
massive sulphide deposit (Tasmania, Australia). Furthermore, Allen et al. (1996b) 
suggested that sub-seafloor replocement processes, occurring at depths up to 150 m below 
the time-equivalent palaeo-seafloor position was important in the formation of the 
relatively shallow (? <500 m) water VHM S deposits in the Skellefte district (Sweden). 
9.1.4 Links between volcanism and hydrothermal activity 
The spatial association of massive sulphides with a felsic, submarine effusive volcanic 
centre at Thalanga suggests that there may have been a genetic link between magmatism 
and mineralising hydrothermal activity. The large magma chamber that fed the 
compositionally fairly homogeneous rhyolitic eruptions may have also provided the heat 
required to sustain a vigorous hydrothermal system. Potentially, this magma could have 
also contributed to the chemical composition of fluids in the Thalanga hydrothermal 
system by mixing of a magmatic aqueous phase with seawater-derived fluids in the 
subsurface. 
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Discordant zones of intense alteration are connected to massive sulphides in the 
Favourable Horizon but do not coincide with particular facies boundaries or facies types 
and clearly cross-cut the facies arrangement in the footwall (Chapter 5). This indicates 
that factors other than primary differences in permeability between coherent and 
volcaniclastic rhyolite facies were important in concentrating hydrothermal fluid flow. 
Neither have any syn-volcanic faults been recognised. Thus, while magmatism and 
mineralisation can be generally linked, the mechanism of focusing fluid discharge during 
mineralising hydrothermal activity remains enigmatic. 
9.1.5 Comparison with other volcanic successions hosting massive sulphide 
deposits 
Submarine dome and lava complexes such as that hosting the Thalanga deposit have been 
identified as favourable environments for VHMS mineralisation (Cas, 1992). Other 
examples of VHMS deposits hosted in similar volcanic settings include the Hellyer, Que 
River and Benambra deposits in Australia (Waters & Wallace, 1992; Allen, 1988, 1992), 
the 'Noranda-type' VHMS deposits in Canada (eg. Millenbach, Amulet, Mattagami and 
Geco; Morton & Franklin, 1987) and the Kuroko deposits in Japan (Horikoshi, 1969; 
Sato et al., 1974; Ohmoto & Takahashi, 1983). 
Archean Cu-Zn massive sulphide deposits in Canada with footwall and hangingwall 
successions consisting of felsic lavas, pillowed or massive mafic lavas and locally-derived 
volcaniclastic facies have been termed 'Noranda-type' deposits by Morton and Franklin 
(1987). Sedimentary facies consist of mudstone, turbidites and mass-flow-emplaced 
volcaniclasti_c units derived from extrabasinal sources. In situ pyroclastic facies have.not 
been recognised, suggesting that explosive eruptions did not occur in the local 
environment. Morton and Franklin (1987) inferred that Noranda-type deposits formed in 
water depths >500 m. 
The Hellyer deposit (Tasmania, Australia) formed in a deep, submarine 
environment on top of a 600 m thick succession dominated by pillowed and massive 
lavas of mafic to intermediate composition and associated volcaniclastic facies (Waters & 
Wallace, 1992). The ore occurs in the overlying mixed sequence, ~ diverse lithofacies 
association including dacite lavas and domes and polymictic, volcanic mass-flow units. 
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The mixed sequence is thickest in local depressions and is interpreted to represent a 
hiatus in volcanic activity (Waters & Wallace, 1992). The hangingwall comprises ~200 m 
of pillowed basaltic sills and black shale. The lithological diversity and lateral facies 
changes of the mixed sequence are similar to the character of facies associations in the 
Thalanga Favourable Horizon. Both the Favourable Horizon and the mixed sequence have 
been interpreted to represent a period of relative volcanic quiescence. 
Allen (1992) reconstructed the geological setting of massive sulphide deposits at 
Benambra (Victoria, Australia) based on detailed facies interpretation of the altered and 
strongly defo:pned host-rock sequence. Felsic submarine volcanism generated extensive 
lavas, domes, cryptodomes and sills interleaved with hemipelagic mudstone and 
turbidites. The Benambra VHMS deposits formed in siltstone in the proximal facies of 
deep-marine volcanoes consisting of rhyolitic lavas, cryptodomes and syn-volcanic 
intrusions. Massive sulphides are overlain by basalt lavas forming part of a mafic to felsic 
volcanic suite present in the upper part of the sequence. Similar to Thalanga, the 
Benambra deposits formed at the waning stage of widespread rhyolitic volcanism in close 
spatial association with volcanic centres. 
The footwall to the Tertiary Kuroko massive sulphide deposits in the Hokuroko 
basin (Japan) consists of dacitic lavas, domes and intrusions, basaltic lavas and associated 
volcaniclastic facies whereas a volcano-sedimentary succession dominated by mudstone, 
pumiceous volcaniclastic facies and minor dacite occurs in the hangingwall (Sato et al., 
1974; Horikoshi, 1990; Cas, 1992). The environment of ore formation is a contentious 
issue, depending mainly on interpretation of the footwall volcaniclastic facies. A deep-
water caldera setting has been proposed (eg. Ohmoto & Takahashi, 1983), based on the 
interpretation that the volcaniclastic units represent in situ pyroclastic facies derived 
from intrabasinal, deep-water explosive vents. However, other studies have found that 
volcaniclastic facies are mainly hyaloclastite and autobreccia (Takahashi & Suga, 1974; 
Cas et al., 1990b) and that pyroclast-rich units were emplaced by mass flows derived 
from sources in shallow settings (Matsukuma & Horikoshi, 1970; Guber & Green, 1983; 
Cas et al., 1990b). An alternative model for the geological setting of Kuroko deposits 
involves submarine lava and dome complexes which locally grewn into shallow water 
where explosive eruptions may have occurred, providing pyroclastic debris that was 
resedimented into deeper parts of the basin (Ishikawa, 1983; Y amagishi, 19 87; Cas et al., 
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1990b; Cas, 1992). This setting is similar to that of the Thalanga deposit, except that 
pyroclast-rich volcaniclastic units are absent in the Thalanga sequence. 
Notwithstanding the association of massive sulphides and effusive, submarine 
volcanic centres, it should be stressed that VHMS deposits are known to occur in 
volcano-sedimentary successions of diverse character and lava-dominated facies 
associations may dominate either the footwall or the hangingwall (Cas, 1992). 
Furthermore, many deposits occur in host sequences which are composed mainly of 
volcaniclastic and sedimentary units. Prominent examples of massive sulphides m 
sequences dominated by volcaniclastic facies occur in Canada and have been termed 
'Mattabi-type' by Morton and Franklin (1987) (eg. Mattabi, Ontario; Kidd Creek, 
Ontario; Detour, Quebec). The host rocks consist of variable facies including 'pumice-rich 
ash tuff, 'hyalotuff and 'welded and non-welded ash tuff of felsic to mafic 
composition, interpreted to represent the deposits of primary subaqueous pyroclastic 
flows and secondary mass flows. Morton & Franklin (1987) suggested that these 
volcaniclastic units and the enclosed massive sulphides accumulated in shallow-water 
environments ( <500 m). 
Although broadly similar to the Mattabi type, the pumice-rich host-rocks to the 
Rosebery and Hercules ore b<?dies (Tasmania, Australia) are interpreted to be deposits of 
mass-flows derived from subaerial or shallow marine sources, emplaced in a below-wave-
base, submarine environment (Allen & Cas, 1990). The extremely high primary 
permeability of these units favoured formation of the Rosebery and Hercules massive 
sulphides by sub-seafloor replacement processes (Allen, 1994). 
Massive sulphides in sequences dominated by [me-grained sedimentary and 
volcaniclastic facies and minor in situ volcanic facies are common in the Bathurst mining 
camp (New Brunswick, Canada; Lentz & Goodfellow, 1996; Lentz et al., 1997). These 
deposits share some characteristics with sediment-hosted massive sulphide deposits. 
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9.2 Alteration at Thalanga and a model for the hydrothermal system 
9.2.1 Hydrothermal alteration of the footwall rhyolite 
The Thalanga footwall alteration zone consists of a variety of alteration facies with a large 
range in mineralogical and geochemical characteristics. This diversity reflects the 
complexity of the Thalanga hydrothermal system and the influence of factors including 
fluctuation in the supply of hydrothermal fluids, fluid temperature and composition 
(including pH,fo2 and aH2s), water/rock ratios and interaction of hydrothermal fluids with 
ambient seawater. Textural, mineralogical and geochemical evidence indicates that 
alteration in the footwall involved destruction of primary feldspar, silicification and 
formation of pyrite, carbonate, K-feldspar and~hydrothermal phyllosilicates (Chapters 7 
and 8). 
The muscovite-, chlorite- and biotite-rich mineral assemblages in the altered 
footwall rhyolite are inferred to be the metamorphic equivalents of hydrothermal 
phyllosilicates. Comparison with mineral assemblages associated with modem, submarine 
hydrothermal systems suggests that the hydrothermal phyllosilicates were mainly 
sericite, chlorite and clay minerals such as illite and smectite. These phyllosilicates have 
been identified in hydrothermally altered submarine volcanics associated with actively 
forming massive sulphide mineralisation on the seafloor (Alt & Jiang, 1991; Goodfellow 
et al., 1993; Binns & Scott, 1993; Ridley et al., 1994; Turner et al., 1993; Honnorez et al., 
1998). 
Several different alteration facies have been identified in the Thalanga sequence on 
the basis of the dominant mineral assemblages and alteration intensity (Chapter 7). The 
bulk of the footwall alteration zone is occupied Ly the feldspar-destructive, 
phyllosilicate-rich mottled alteration facies with gradational lateral contacts to the 
surrounding least-altered rhyolite. This facies envelops discordant zones of quartz-pyrite 
alteration facies which commonly extend to massive sulphides in the Favourable Horizon. 
The quartz-pyrite alteration facies also occupies prominent strata-bound zones 
immediately below the Favourable Horizon. The chlorite-pyrite alteration facies is 
restricted to the immediate footwall below the East Thalanga ore lens. The quartz-K-
feldspar alteration facies occurs preferentially on the fringes of the footwall alteration 
zone and shows complex, overprinting textural relationships with the mottled alteration 
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facies. The carbonate-chlorite-tremolite alteration facies is common in the Favourable 
Horizon and the upper part of footwall rhyolite in West Thalanga (section 2). In cuntrast, 
calcareous alteration is restricted to rare occurrences of the disseminated tremolite 
alteration facies in East Thalanga. 
The bulk of the footwall alteration zone, represented by the mottled alteration 
facies, is characterised by Na- and Ca-loss and enrichment in Mg, Fe and S (Chapter 8). 
In addition, the quartz-pyrite alteration facies has also gained substantial Si and is 
enriched in several trace elements which are compatible in pyrite ( eg. As, Bi and Mo). 
The chlorite-pyrite alteration facies has lost Si and gained large amounts of Mg, Fe and S. 
The disseminated tremolite and carbonate-chlorite-tremolite alteration facies are 
characterised by large gains in Ca and Mg. The quartz-K-feldspar alteration facies gained 
substantial amounts of Si and K. 
The geometry of the footwall alteration zone and compositional characteristics of 
altered footwall rhyolite suggest that the Thalanga hydrothermal system may have 
evolved from dominantly calcareous alteration to phyllosilicate-dominated alteration 
before mineralising hydrothermal activity occurred. A conceptual model for this evolution 
is discussed below and summarised in Fig. 9.2. However, it should be noted that textural 
constraints on timing relationships are generally inconclusive and it is equally possible 
that alteration facies in the footwall formed more or less simultaneously from a spatially 
heterogeneous hydrothermal system. 
Calcareous alteration 
The disseminated tremolite and carbonate-chlorite-tremolite alteration facies represent 
calcareous alteration of moderate and strong intensity which introduced significant 
hydrothermal carbonate into the alteration zone. The genesis of the carbonate-chlorite-
tremolite alteration facies has been examined in detail by Herrmann (1994) and Hill (1996) 
who concluded that this alteration facies represents the metamorphic equivalent of 
footwall rhyolite which experienced intense chlorite-carbonate alteration. In this facies, 
the tremolite-forming metamorphic reaction was mainly controlled by the availability of 
volcanic quartz providing Si02 for the reaction. In contrast, the disseminated tremolite 
alteration facies represents footwall rhyolite which experienced disseminated to patchy 
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Fig. 9.2: Model for the Thalanga hydrothermal system. 
A model for the Thalanga hydrothermal system has been inferred based· on the 
distribution of alteration facies and their geochemical characteristics. 
(a) Calcareous alteration. 
(b) Phy llosilicate-dominated and quartz-K-feldspar alteration. 
(c) Quartz-pyrite and chlorite-pyrite alteration and mineralisation. 
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chlorite-carbonate alteration. Consequently tremolite crystallisation was a function of the 
abundance, composition and relative proportions of pre-existing carbonate and chlorite. 
The timing of this type of alteration at Thalanga is difficult to constrain due to 
substantial recrystallisation during metamorphism. However, Hill (1996) inferred that 
massive sulphides in West Thalanga formed predominantly by a mineralisation process 
involving sub-seafloor replacement of carbonate-chlorite-rich altered rhyolite. 
Consequently, carbonate-chlorite alteration must have occurred prior to mineralising 
hydrothermal activity. 
Hill (1996) showed that C isotope data on ·calcite and dolomite in the carbonate-
chlorite-tremolite alteration facies are consistent with the interpretation that C02 was 
predominantly derived from cool seawater. This suggests that hydrothermal carbonate 
precipitated during interaction of the hydrothermal fluid with ambient seawater, just 
below the palaeo-seafloor. The Mg required for the dolomite- and chlorite-forming 
reactions may have also been provided by seawater. It is possible that Ca was derived 
from the hydrothermal fluid which could have leached Ca from plagioclase during passage 
through the footwall rhyolites, or from the ambient seawater. 
The abundance of the carbonate-chlorite-tremolite alteration facies in West Thalanga 
suggests that volcaniclastic units, which represent the top part of footwall rhyolite in 
section 2, provided favourable conditions for mixing of upwelling hydrothermal fluids 
with ambient seawater. In contrast, coherent rhyolite facies dominates in the top part of 
the footwall in East Thalanga and was probably less permeable to fluids and, 
consequently, calcareous alteration there is restricted to patchy occurrences of the 
disseminated tremolite alteration facies. However, it may also be argued that the 
hydrothermal discharge responsible for calcareous alteration was more concentrated in 
West than in East Thalanga. 
Hydrothermal carbonate alteration is relatively common in the VHMS environment 
and has been described from several deposits in Tasmania (Australia) (Rosebery; Lees et 
al., 1990; Hercules; Zaw & Large, 1992; Hellyer; Gemmell & Large, 1992) and other 
VHMS districts (Chisel Lake, Canada; Galley et al., 1993; Kuroko, Japan; Shikazono et 
al., 1998). It has also been observed in modem, submarine hydrothermal systems (Middle 
Valley; Goodfellow et al., 1993). In general, carbonate alteration is interpreted to 
represent a low temperature ( <100 °C to <200 °C) alteration process related to relatively 
204 
oxidised hydrothermal ,fluids. Ore-related carbonate alteration occurred early during 
hydrothermal activity at the weakly metamorphosed (lower greenschist facies) Rosebery 
deposit (Orth & Hill, 1994; Allen, 1997). Ptunice and volcanic shard textures are 
preserved within carbonate nodules in the immediate ore environment whereas texturally 
destructive phyllosilicate-rich alteration has overprinted the remainder of the pumice-rich 
footwall rocks. Galley et al. (1993) also concluded that carbonate associated with massive 
sulphides at the strongly metamorphosed Chisel Lake deposits (amphibolite facies) were 
precipitated early during the evolution of the hydrothermal system, prior to intense, 
mineralising hydrothermal ac,ti.vity. In contrast, Shikazono et al. (1998) described· 
hydrothermal carbonates at the Kuroko deposits which are interpreted to post-date 
massive sulphide formation. 
Phyllosilicate-dominated alteration 
The bulk of the footwall alteration zone is occupied by the mottled alteration facies 
which is characterised by destruction of primary feldspar, formation of hydrothermal 
phyllosilicates and precipitation of disseminated pyrite. The textural diversity of the 
mottled alteration facies and the predominance of apparent elastic textures, indicate that 
domainal and multi-stage alteration processes were common. These processes may have 
been related to variations in fluid compositions, temperature and pathways and 
water/rock ratio. The pervasive character and continuous lateral extent of the mottled 
alteration facies suggest that upwelling of hydrothermal fluids was diffuse and unfocused. 
Mottled alteration facies is present down to a stratigraphic depth of >300 m below 
the Favourable Horizon, however, its full stratigraphic' extent into the footwall is 
unknown due to limited drilling. Brauhart & Groves (1998) described broad, feldspar-
destructive alteration zones (lOO's of m to :Sl km in diameter) below Archean VHMS 
deposits in the Panorama district (Western Australia) which can be traced for up to 3 km 
into the footwall stratigraphy where they become narrower and more confined. It is 
possible that the apparently stratabound footwall alteration zone at Thalanga represents 
only the upper part of a similarly broad transgressive zone of unfocused hydrothermal 
fluid upflow which may become narrower at depth. Consequently, the true geometry of 
the footwall alteration zone may be discordant rather than strata-bound. 
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The Mg-rich composition of the mottled alteration facies is an indication for 
seawater-dominated hydrothermal alteration (Schmidt, 1988; Schade et al., 1989; 
Tragardh, 1991; Shriver & MacLean, 1993; Barrett & MacLean, 1994a). The 
hydrothermal fluids may have evolved during fluid/rock interaction in the subsurface and 
formation of chlorite probably resulted in the acidic character of these fluids according to 
the reaction: 
5 Mg2+ + 3 Si02 + Ali03 + 9 H20 => Mg5Al2Si301o(OH)8 + 10 H+ (Reed, 1997). 
,. (aq) (rock) (aq) (chlorite) (aq) 
Quartz-K-feldspar alteration 
The quartz-K-feldspar alteration facies occurs locally on the fringes of the Thalanga 
footwall alteration zone and often shows complex overprinting textural relationships with 
the mottled alteration facies (section 7.3.2). This type of alteration seems to be generally 
uncommon in alteration zones associated with VHMS deposits. Nevertheless, K-feldspar 
has been observed in the outer parts of alteration systems associated with the Kuroko 
deposits in Japan (Shirozo, 1974) and the Que River deposit (Tasmania, Australia; 
McGoldrick & Large, 1992). At Que River, K-feldspar is associated with silicification 
and Au-rich mineralisation which are interpreted to have formed by mixing of ore fluids of 
moderate temperature (200 to 250 °C) and a near-neutral pH ambient seawater. In another 
study, numerical modelling of water/rock interaction in the footwall to the Hellyer 
deposit (Tasmania, Australia) predicted a K-feldspar-rich zone in the outer part of the 
discordant alteration pipe (Schradt et al., 1999). Although predicted, this type of 
alteration has not been recognised in the hydrothermal alteration zone associated with this 
deposit (Gemmell & Large, 1992). 
The formation of the quartz-K-feldspar alteration facies at Thalanga probably took 
place under relatively low temperature conditions and low water/rock ratios because it 
occurs preferentially on the fringes of the footwall alteration zone. This alteration facies 
is relatively sulphide-poor, except for occasional occurrences of sphalerite, which is 
consistent with a comparatively low aH§ of the fluid. The formation of K-feldspar 
instead of K-rich white mica indicates that the pH of the hydrothermal fluids increased 
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from acidic in the central parts of the hydrothermal alteration system to near neutral on 
its fringes. Thus, mixing of hydrothermal fluids with ambient seawater on the margin of 
the hydrothermal system could have caused simultaneous cooling and neutralisation. This 
could have resulted in supersaturation of Si and K and precipitation of quartz and K-
feldspar. 
During the evolution of the hydrothermal system, the sites of quartz-K-feldspar 
alteration may have moved in response to variations in the influx rate, temperature, 
composition and pathways of the hydrothermal fluids. Consequently, overprinting 
textural relationships with the mottlf"d alteration facies developed. 
Mineralising alteration 
The mottled alteration facies envelops discordant zones of the quartz-pyrite alteration 
facies which cross cut the footwall alteration zone. These zones are interpreted to 
represent the dominant pathways of hydrothermal fluids during the principal stage of 
mineralising hydrothermal activity and would have been characterised by high water/rock 
ratios. This interpretation is supported by the high abundance of disseminated pyrite and 
pyrite veins and substantially elevated concentrations of S, base metals and trace 
elements such as As, Mo and Bi in the quartz-pyrite alteration facies. Furthermore, 
massive sulphides in the Favourable Horizon are generally connected to discordant zones 
of the quartz-pyrite alteration facies in the footwall (Fig. 7.5 to 7.7). 
The quartz-pyrite alteration facies also occupies stratiform zones immediately 
below the massive sulphides. These zones probably formed as a result of lateral flow of 
hydrothermal fluids below the palaeo-seafloor. This process appears to have been 
paiiicularly important in West Thalanga (section 2; Fig. 7.5b) where this ·st::atiform zone 
is up to 50 m thick. The top part of footwall rhyolite in section 2 consists of 
volcaniclastic facies that may have had relatively high primary permeability which 
facilitated lateral fluid migration. In addition, an impermeable cap could have formed over 
sites of fluid discharge due to precipitation of silica, pyrite and other sulphides, forcing 
ascending fluids sideways before reaching the seafloor. In time, successive sealing of 
discharge sites could have produced the stratiform zones of intense quartz-pyrite 
alteration facies. This process may be referred to as 'self choking' and is common in 
subaerial geothermal systems (Hodgson, 1990). 
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The quartz-pyrite alteration facies is characterised by silicification, precipitation of 
pyrite and formation of hydrothermal phyllosilicates. Mass balance calculations show 
that large amounts of Si, Fe and Mg were added. The gains in Mg suggest that evolved 
seawater was the main component in the mineralising hydrothermal fluids. 
The Mg enrichment in quartz-pyrite alteration facies at Thalanga is contrary to 
expectations because the solubility of Mg is generally reduced in hot, acidic fluids and 
chlorite-rich alteration zones are widely regarded as the result of relatively low 
temperature alteration (Galley, 1993; Seyfried et al., 1988). Hence, it is unlikely that 
silicification, pyrite precipitation and chlorite formation were concurren~~ Instead, the 
elevated Mg values could be related to chlorite alteration during the formation of mottled 
alteration facies which was then overprinted by intense quartz-pyrite alteration facies. 
However, unequivocal textural evidence for overprinting relationships of these alteration 
facies has not been recognised, having been obscured during metamorphic 
recrystallisation. 
Biotites of the quartz-pyrite alteration facies, which formed during metamorphic 
recrystallisation of hydrothermal phyllosilicates (Chapter 3), has high fluorine 
concentrations (1.5 to 1.9 pfu; equal to 3.5 to 3.8 wt.%; Fig. 8.13c). In contrast, biotites 
in the mottled alteration facies contain 0.2 to 1 pfu F and biotites with <0.2 pfu F are 
restricted to least-altered rhyolite from the outcrop section. It is possible that the fluorine 
was incorporated into hydrothermal phyllosilicates during the alteration of rhyolite as a 
result of interaction with seawater-derived fluid. This interpretation is consistent with the 
observation that modem hydrothermal vent fluids are depleted in F relative to seawater 
(Von Damm et al., 1985) and the results of thermodynamic calculations which indicate 
that F-talc may form during alteration of seafloor basalt (Seyfried and Ding, 1995). 
Alternatively, it could be argued that the high F contents of biotites suggest the 
involvement of a magmatic fluid component. Fluorine is a common volatile element in 
felsic magmas and may be partitioned into an aqueous phase during crystallisation 
(Burnham, 1997). At Thalanga, seawater-derived hydrothermal fluids may have mixed 
with F-rich magmatic fluids in the subsurface prior to intense hydrothermal activity. This 
interpretation is consistent with S isotope data from sulphides in the Thalanga ore body 
which indicate that S was derived from a mixture of seawater and an igneous source (Hill, 
1996). However, the igneous sulphur component could have been obtained by leaching of 
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the footwall rhyolite and does not represent direct evidence for the involvement of a 
magmatic fluid during the mineralisation. Further fluid inclusion studies could help to 
clarify the source of hydrothermal fluids at Thalanga. 
In contrast to the quartz-pyrite alteration facies, which is ubiquitous below the 
Thalanga deposit, the chlorite-pyrite alteration facies is restricted to a narrow zone 
underlying massive sulphides in East Thalanga (section 5). This alteration facies is 
distinctive in showing extreme enrichment in Mg, Fe and S and substantial loss of silica, 
in marked contrast to the large Si-gains in the quartz-pyrite alteration facies. Possibly, a 
relatively short-lived episode of hydrothermal alteration characterised by Mg-rich, Si-
undersaturated fluids forming zones of chlorite-pyrite alteration facies occurred in East 
Thalanga. The conditions of alteration and/or the composition of the hydrothermal fluids 
may have changed and quartz-pyrite alteration facies was generated. This speculative 
model, involving a phase of silica-leaching, Mg-rich alteration in East Thalanga, implies 
that conditions of alteration were different in East and West Thalanga and that two 
separate hydrothermal fields may have co-existed during mineralising hydrothermal 
activity. 
This interpretation is supported by the arrangement of massive pyrite lenses in the 
Favourable Horizon, the distribution of massive barite and barite-rich massive sulphides 
and variations in metal ratios of the massive sulphides along strike of the deposit (Fig. 9 .3 
from Hill, 1996). Parts of ore lenses with high Cu-ratios (Cu/Cu+Zn), low Zn-ratios 
(Zn/Zn+Pb) and basal zones of massive pyrite may be interpreted as discharge sites of 
hot, metal-rich fluids whereas barite-rich massive sulphides represent distal, low 
temperature zones (Huston & Large, 1987; Lydon, 1988). Accordingly, the Vomacka 
,. -
-
zone, located between East and Central Thalanga (Fig. 1.5), may be regarded as the 
western margin of the East Thalanga hydrothermal field and distal parts of the Central-
West Thalanga hydrothermal field are marked by barite-rich zones along the up-dip and 
western termination of the central and western ore lenses (Hill, 1996). 
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9.2.2 Summary of hydrothermal alteration at Thalanga and comparison with other 
VHMS deposits 
The Thalanga footwall alteration zone consists of a complex assemblage of diverse 
alteration facies. The hydrothermal system may have evolved from calcareous alteration 
to phyllosilicate-dominated alteration prior to intense, mineralising hydrothermal activity 
(Fig. 9.2). Chlorite-carbonate alteration of variable intensity was the pre-metamorphic 
precursor to the disseminated tremolite alteration facies and carbonate-chlorite-tremolite 
alteration facies which formed in the near-seafloor environment by mixing of low-
temperature hydrothermal fluids and ambient seawater. Di:..fuse upwelling of acidic, 
seawater-derived, hydrothermal fluids caused destruction of primary feldspar, 
precipitation of pyrite and formation of hydrothermal phyllosilicates (now muscovite-
chlorite-biotite-rich assemblages) in a broad zone below the palaeo-seafloor, presently 
occupied by the mottled alteration facies. Intense hydrothermal alteration, represented by 
quartz-pyrite alteration facies,occurs in both discordant zones cross cutting the footwall 
and in stratiform zones immediately below the massive sulphides. This alteration facies is 
inferred to have formed during the mineralising stage of hydrothermal activity and the 
discordant zone are interpreted as feeder zones supplying metal-rich fluids to two 
mineralising hydrothermal fields (East Thalanga and Central-West Thalanga). 
The overall arrangement of alteration facies in the Thalanga footwall with siliceous, 
discordant zones enveloped by phyllosilicate-dominated alteration is characteristic for 
footwall alteration systems underlying many VHMS deposits of the Zn-Pb-Cu type 
(Franklin et al., 1981). Other examples of massive sulphides with footwall alteration 
zones consisting of siliceous central zones and phyllosilicate-rich outer parts include the 
Hellyer deposit (Tasmania, Australia; Gemmell & Large, 1992), Brunswick No.12 
(Bathurst mining camp, Canada; Lentz & Goodfellow, 1996), the Chisel Lake deposits 
(Manitoba, Canada; Galley et al., 1993) and the Kuroko deposits (Japan; Shirozo, 1974; 
Iijima, 1974). 
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Fig. 9.3: Variations in the composition of Thalanga massive sulphides and interpretation 
of two separate hydrothermal fields during mineralisation. 
The metal zonation, occurrences of massive pyrite and the distribution of barite-
rich zones imply that two separate hydrothermal systems . existed at Thalanga 
(from Hill, 1996). 
(a) A long section of the Thalanga deposit shows the distribution of massive pyrite 
and massive sulphides with high Cu-ratios (Cu/Cu+Zn) and low Zn-ratios 
(Zn/Zn+Pb). These areas may be interpreted as discharge sites of relatively hot 
hydrothermal fluids (Huston & Large, 1987). Hill (1996) identified numerous D3-
faults offsetting massive sulphide lenses and determined the relative sense of 
movement along these structures. 
(b) When the movement along the D3 faults is reversed it becomes apparent that the 
Thalanga deposit consists of the products of two hydrothermal systems. Relative 
temperature gradients can be inferred for the East Thalanga and the Central-West 
Thalanga hydrothermal fields based on the distribution of massive pyrite and 
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In contrast, VHMS deposits of the Cu-Zn type are generally underlain by alteration 
zones which lack intense silicification, and consist of a chloritic core and a sericitic outer 
zone (Franklin et al., 1981). Detailed geochemical studies on footwall alteration zones of 
Cu-Zn massive sulphide deposits in the Noranda mining camp have shown that Si loss is 
a ubiquitous feature of intense alteration in these systems (Barrett & MacLean, l 994a). 
The contrasting behaviour of Si in footwall alteration zones of Cu-Zn and Zn-Pb-Cu type 
VHMS deposits may be controlled by a variety of factors including temperature and 
composition of the fluids, composition of the footwall rocks and the physical and 
chemical conditions that prevailed during hydrothermal activity. 
Enrichment in Mg and depletion in Na are prominent geochemical characteristics of 
footwall alteration at Thalanga, especially in the mottled and quartz-pyrite alteration 
facies. These are common geochemical features of alteration associated with VHMS 
deposits and have been interpreted as evidence for a seawater-origin of the mineralising 
hydrothermal fluids (Schmidt, 1988; Schade et al., 1989; Tragardh, 1991; Shriver & 
MacLean, 1993; Barrett & MacLean, l 994a). 
The source of metals contained in VHMS deposits has been the subject of debate 
with alternative scenarios including leaching of metals from the footwall volcanic pile by 
heated, evolved seawater (eg. Spooner & Fyfe, 1973; Solomon, 1976), direct derivation of 
metals from a magmatic volatile phase (eg. Urabe & Sato, 1978; Sawkins & Kowalik, 
1981) or a process involving mixing of magmatic fluids with seawater-derived fluids (eg. 
Large, 1992). In general, the 'leaching model' is supported by calculations demonstrating 
that metals and sulphur required to generate particular massive sulphide deposits could be 
obtained by seawater convection in footwall rocks (eg. Solomon, 1976; Stolz & Large, 
1992). However, other studies have presented evidence supporting a magmatic input in 
the hydrothermal system, at least for Cu-Au-rich VHMS deposits such as Mount Lyell 
(Tasmania, Australia; Large et al., 1996). ). At Thalanga, the available analytical data are 
consistent with a seawater origin of the hydrothermal fluids and although plausible, no 
input of a magmatic fluid phase is required. The metals may have been obtained during 
interaction with the rhyolitic footwall, however, a detailed investigation of this question 
was beyond the scope of this study. 
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9.2.3 Hangingwall alteration: Background seafloor alteration or late stage 
hydrothermal activity? 
Alteration in the hangingwall at Thalanga is weak and feldspar crystals in coherent dacite, 
volcaniclastic facies and sedimentary facies are preserved. Several distinctive facies of 
weak alteration (epidote alteration, albite alteration, phyllosilicate alteration and hematite 
dusting) have been recognised, which are typical of, but not exclusive to, the hangingwall 
dacites. These alteration facies are considered to be unrelated to the Thalanga mineralising 
hydrothermal system. Instead, they represent the effects of background seafloor 
alteration, including diagenetic processes and processes related to low-grade sub-seafloor-
metamorphism. 
Alteration logging has shown that epidote alteration and hematite dusting in the 
hangingwall dacite show no consistent variations in abundance or intensity with distance 
from the Favourable Horizon (Fig. 7.5 to 7.7). Furthermore, syn-volcanic intrusions of 
siliceo-qs footwall rhyolite that post-date the mineralising hydrothermal activity also 
show these alteration facies locally. These observations indicate that hematite dusting and 
epidote alteration occurred after hydrothermal activity at Thalanga had ceased, and are 
possibly related to background seafloor alteration processes characterised by low 
water/rock ratios. These alteration facies are typically developed in phyllosilicate-poor, 
siliceous volcanic facies. This facies may have contained Fe2+-rich oxide microcrysts 
which were oxidised to form hematite, and plagioclase phenocrysts could have provided 
Ca for epidote formation during circulation of low temperature, oxidising fluids. However, 
epidote may have also formed during metamorphism, from reactions involving calcite and 
feldspar. Epidote veins and hematite dusting also occur locally in post-D2 diorite 
intrusions (section 6; Fig. 7.7b and Appendix) clearly indicating that these alteration 
facies developed at least in part after regional deformation. Therefore, it is possible that 
epidote alteration and hematite dusting have formed at several stages during diagenesis, 
low-grade sub-seafloor metamorphism, regional metamorphism or contact metamorphism. 
Variations in the abundances of muscovite, chlorite and biotite in the weak 
phyllosilicate alteration facies in the hangingwall are broadly correlated with lithofacies 
composition. The coherent dacite facies may contain :S5 vol.% biotite, muscovite and 
chlorite whereas volcaniclastic dacite units are often rich (up to ~50 vol.%) in these 
phyllosilicates indicating that primary composition (abundance of glassy volcanic 
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:fragments?) is an important controlling factor (Fig. 4.2b and Fig. 4.3a). In contrast, there 
is no correlation between the amount and relative proportions of phyllosilicate minerals 
in the hangingwall dacite and proximity to the Favourable Horizon. Furthermore, minor 
(:S3 vol.%) interstitial muscovite ± biotite ( ± chlorite) are also present in the footwall 
rhyolite from the outcrop section, ~5 km to the west of the deposit. The low abundance 
of phyllosilicates, the scarcity of chlorite and biotite, their low XMg values, and the 
remoteness from massive sulphides indicate that the formation of these phyllosilicates 
was unrelated to mineralising hydrothermal activity. Thus, it is inferred that weak 
phyllosilicate alterl:l.tion in the hangingwall and in areas of the footwall laterally equivalent 
to, but significantly removed from, the hydrothermal alteration zone, represents 
diagenetic alteration probably related to hydration of glass and formation of clay minerals. 
Geochemical analyses of samples from drill hole TH382A (Fig. 8.12) show that 
albite alteration, reflected by Na-enrichment, is prominent in the top part of the dacite 
type 1 unit but decreases in intensity towards the Favourable Horizon. In fact, the 
sample closest to the massive sulphides (TH382A-400) has Na20 and K20 
concentrations characteristic of fresh, modem felsic volcanics. This relationship clearly 
shows that albite alteration was unrelated to the Thalanga hydrothermal system. Albite is 
typical of low-grade sub-seafloor metamorphism, forming pseudomorphs of primary 
feldspar, and is common in altered volcanics of the modem ocean crust (Cann, 1969; 
Humphris & Thompson, 1978). It is inferred that albite alteration was related to an 
alteration process characterised by relatively low water/rock ratios and alkali exchange 
reactions between seawater and dacite in the shallow (? <100 m) sub-seafloor 
environment shortly after dacite emplacement. Seawater convection through the dacite 
may have been driven by conductive heat loss of the slowly cooling central parts of lavas 
or syn-volcanic intrusions. 
The most prominent geochemical changes in the hangingwall dacite related to 
alteration include silicification, widespread Na-emichment and localised Ca-enrichment 
associated with epidote alteration. Slightly elevated concentrations of Fe and Mg in the 
altered hangingwall dacite compared to least-altered equivalents are uncommon and S 
values are generally below detection limit (<0.01 wt.%). However, some samples of 
dacite directly overlying massive sulphide locally show somewhat elevated sulphur 
(~0.01 wt.%), and base metal values (eg. sample TH382A-400; Fig. 8.12). Minor 
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occurrences of pyrite and sphalerite have also been noted (eg. TH40, section 1 and THlO, 
section 4; see Appendix). These features may indicate that weak hydrothermal activity 
continued locally after emplacement of the hangingwall dacite, generating traces of 
sulphides in the basal parts of some emplacement units. 
9.3 Metamorphism 
VHMS deposits may be subjected to various tectonic and metamorphic events after 
mineralisation. In fact, massive sulphides were widely interpreted as structurally 
controlled, epigenetic base metal replacement deposits until the 1960s because they 
commonly occur in deformed and metamorphosed ancient successions (Franklin et al., 
1981 and Hodgson, 1993). However, the close association of these deposits with 
submarine volcanic successions and the recognition of a strong stratigraphic control on 
sulphide distribution prompted the development of syngenetic models for their genesis. 
The discovery of active hydrothermal systems, including black smokers discharging 
sulphide-rich particles, on the modern seafloor in the late 1970s further substantiated the 
interpretation of a syngenetic origin for ancient VHMS deposits. 
VHMS deposits occur in successions of variable metamorphic grade, ranging from 
sub-greenschist to upper amphibolite facies. Lower greenschist facies metamorphism has 
affected many VHMS deposits ( eg. in Canadian greenstone belts such as the N oranda 
mining camp) however, some deposits occur in successions affected only by diagenesis 
(eg. the Kuroko deposits, Japan). VHMS deposits in areas of high metamorphic grade 
(amphibolite facies) include the Montauban deposit (Grenville Province, Canada; Bernier 
et al., 1987), the Millenb;:i_ch deposit (Noranda mining camp, Canada; Riverin & Hodgson, 
1980) and the Boliden deposit (Skellefte district, Sweden, Allen et al., 1996b). 
The Millenbach deposit (Noranda mining camp, Canada) is located within the 
amphibolite grade contact metamorphic aureole of a granodiorite pluton. Chlorite-rich 
alteration zones were recrystallised to cordierite-anthophyllite assemblages with a 
distinctive spotted appearance ('dalmatianite', Wilson, 1935). These minerals probably 
formed via a reaction of: 
chlorite + quartz = cordierite + anthophyllite + H20 
at temperatures of 550 to 600 °C (Riverin & Hodgson, 1980). 
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At Thalanga, cordierite is restricted to biotite-chlorite-rich pelitic homfels in the 
contact metamorphic aureole and formed at significantly lower temperatures (~500 °C) 
probably via a reaction such as: 
muscovite + chlorite = cordierite + biotite + quartz + H20 
(Yardley, 1989; Harte & Hudson, 1979). The general paucity of cordierite in the Thalanga 
sequence is consistent with peak metamorphic temperatures of 450 to ~500 °C indicated 
'by gamet-biotite and garnet-chlorite thermometry (Chapter 4). 
Deposits which experienced metamorphic conditions similar to those at Thalanga 
(upper greenschist grade) include the Arctic deposit (Alaska, USA; Schmidt, 1988) and 
the Heath Steel B Zone deposit (Bathurst Mining Camp, Canada; Lentz et al., 1997). The 
footwall alteration zones of these deposits also contain abundant chlorite, biotite and 
muscovite that represent recrystallised hydrothermal phyllosilicates. 
In general, metamorphic recrystallisation of fine-grained hydrothermal alteration 
minerals commonly forms coarser-grained assemblages which are readily identifiable in 
hand specimen. Metamorphic mineral assemblages that develop in alteration zones may 
differ significantly from adjacent, metamorphosed, least-altered country rock (Hodges & 
Manojlovic, 1993). Consequently, the mineralogy of metamorphosed successions may 
reveal the prior existence of particular hydrothermal alteration zones (Galley, 199 5). 
Hodges & Manojlovic (1993) demonstrated that mapping of metamorphic mineral 
assemblages, in conjunction with appropriate lithogeochemical data, can be used to 
outline zones of increasing alteration intensity below the strongly metamorphosed 
Raindrop Lake deposit (Manitoba, Canada). 
At Thalanga, biotite-muscovite-chlorite assemblages do_minate in the footwall 
rhyolite. However, marked differences in the abundance of these minerals, their 
composition, the occurrences of disseminated pyrite and pyrite veins in the footwall 
alteration zone and the association with massive sulphide clearly indicate that biotite-
muscovite-chlorite assemblages below the Thalanga deposit represent the metamorphic 
equivalents of hydrothermal phyllosilicates in variably altered rhyolite. This reflects the 
substantial hydratisation of footwall rhyolite and enrichment in Mg, Fe and S during 
hydrothermal alteration. In contrast, least-altered rhyolite experienced comparatively 
little geochemical modification during devitrification and diagenetic alteration and 
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consequently, the mineralogy is dominated by quartz and feldspar. 
Most studies of metamorphosed alteration systems associated with VHMS 
deposits infer that metamorphism was isochemical (eg. Schmidt, 1988; Schade et al., 
1989). However, Huston (1993) presented evidence for element mobility during high 
grade metamorphism (middle amphibolite facies) of the host-rock sequence to the 
Balcooma deposit (Queensland, Australia). At Thalanga, textural evidence indicates that 
metamorphism was isochemical on a cm- to mm-scale (Chapter 3 ). Therefore, 
geochemical differences between altered rhyolite in the footwall to the Thalanga deposit 
and least-altered equivalents can be confidently interpreted_ to be related to pre-
metamorphic hydrothermal alteration processes. 
9.4 Summary: Controls on mineralising processes at Thalanga 
The Thalanga massive sulphide deposit occurs within the proximal facies association of a 
felsic submarine dome and lava complex which was elevated up to 500 m above the 
surrounding area. The sedimentary facies associations and considerations concerning the 
controls of water depth on massive sulphide genesis suggest that the Thalanga deposit 
formed in a deep-water sett~ng (>l,000 m water depth). Mineralisation occurred during a 
period of relative volcanic quiescence at the waning stage of rhyolitic volcanism. The 
rhyolitic magma chamber that fed the thick and laterally extensive footwall rhyolite may 
have provided the heat required to sustain the hydrothermal activity. 
The general Mg-rich character of the footwall alteration zone indicates that 
hydrothermal activity was dominated by evolved, seawater-derived hydrothermal fluids. 
However, hydrothermal alterat~on produced a complex, compositionally diverse footwall 
alteration zone. Carbonate-chlorite alteration was generated locally in the near-seafloor 
environment by mixing of low-temperature hydrothermal fluids with ambient seawater. 
Phyllosilicate-dominated alteration was the result of diffuse upwelling of acidic 
hydrothermal fluids which caused feldspar-destruction, precipitation of pyrite and 
formation of hydrothermal phyllosilicates in a zone which measures at least 3,000 m 
(strike extent) x 1,000 m (down-dip extent) x 300 m (stratigraphic thickness). More 
focussed a:r:id hotter hydrothermal discharge generated discordant zones of quartz-pyrite 
alteration feeding two separate mineralising hydrothermal fields. Mineralising 
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hydrothermal activity was associated with a fluid of distinctive composition which is 
reflected in the Si-, Fe- and S-rich composition of the quartz-pyrite alteration facies. 
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10 Conclusions 
The Thalanga VHMS deposit formed on top of an elevated, felsic lava-dominated 
volcanic complex in a deep, submarine environment. Mineralisation was the result of 
hydrothermal activity which generated a compositionally diverse alteration zone in the 
footwall rhyolites below the massive sulphides prior to the emplacement of the 
hangingwall dacites. The geochemical evidence indicates that hydrothermal activity was 
mainly associated with evolved, seawater-derived, acidic hydrothermal fluids. The 
association of massive sulphides and the proximal facies association of a felsic, lava-
dominated submarine volcanic centre suggests a link between magmatic processes and 
hydrothermal activity. It is possible that the magma chambers feeding the voluminous 
effusive rhyolite eruptions at Thalanga may have also provided the heat required to 
sustain a vigorous hydrothermal system. In the following, the principal conclusions 
related to the aims of this study are summarised (section 1.1). 
Conditions of regional and contact metamorphism: 
• The Thalanga sequence has been affected by isochemical upper greenschist facies 
metamorphism during regional deformation (D2) and contact metamorphism 
associated with the emplacement of a post-D2 diorite pluton to the east of the 
deposit; 
• peak conditions during regional metamorphism were in the ran,ge of 480 to 500 °C and 
~3.5 kbar; 
• contact metamorphism occurred under pressure conditions of 3 to 3.5 kbar and 
temperatures reached 500 to 530 °C in a ~l,200 m wide contact metamorphic aureole; 
• temperatures reached up to ,750 °C in the immediate contact zone with the diorite 
pluton; 
• no significant uplift occurred between regional metamorphism and contact 
metamorphism. 
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Reconstruction of the volcanic facies architecture: 
• Several types of rhyolite and dacite can be distinguished based on consistent 
differences in the mineralogy, abundance and size range ofphenocrysts; 
• the altered rhyolitic footwall to the massive sulphides consists dominantly of 
coherent facies in which apparent elastic textures due to domainal and/or multi-stage 
hydrothermal alteration processes are common; 
• previously unrecognised palaeo-seafloor positions in the footwall are marked by 
mass-flow-emplaced volcaniclastic units; 
• the Thalanga mine area was a topographic high during massive sulphide formation, 
rising up to 500 m above the surrounding seafloor; 
• mineralisation occurred preferentially in localised, shallow depressions on top of the 
rhyolitic ridge/plateau and was largely synchronous with emplacement of Quartz-Eye 
Volcaniclastic units (facies F) in the Favourable Horizon; 
• minor rhyolitic volcanism continued after intense hydrothermal activity had ceased; 
• the Thalanga mine area remained a centre of effusive volcanic activity after 
mineralisation; 
• lavas of dacite type 1 are restricted to East Thalanga whereas dacite type 2 lavas 
occur in West Thalanga; this distribution of particular dacite types is reflected in the 
systematic changes in the composition of polymictic breccia units in the hangingwall 
along strike; 
• a modem analogue for the Thalanga deposit is represented by the P ACMANUS 
hydrothermal field which is located at 1,600 m below sea level on top of a dacitic 
ridge rising 400 to 600 m above the seafloor in the Manus basin (Papua New Guinea). 
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Alteration at Thalanga: 
• Ten different alteration facies can be distinguished at Thalanga based on mineralogical 
characteristics; 
• moderate to intense alteration is restricted to the footwall alteration zone (mottled 
alteration facies, quartz-pyrite alteration facies, chlorite-pyrite alteration facies, 
quartz-K-feldspar alteration facies, disseminated tremolite alteration facies and 
carbonate-chlorite-tremolite alteration facies) and related to hydrothermal activity 
associated with mineralisation; 
e the broad, laterally continuous footwall alteration zone below the massive sulphides 
is dominated by the mottled alteration facies which formed by hydrothermal 
alteration processes including feldspar-destruction, formation of hydrothermal 
phyllosilicates and precipitation of pyrite; 
• the pathways of mineralising fluids, marked by discordant zones of quartz-pyrite 
alteration facies, developed independently of the volcanic facies arrangement in the 
footwall; 
• the hangingwall dacites are typically weakly altered ( epidote alteration, phyllosilicate 
alteration, hematite dusting and albite alteration), due to diagenetic alteration and low-
grade sub-seafloor metamorphism. 
Constraints on primary geochemistry of Thalanga volcanic units: 
• The geochemical compositions of Thalanga volcanic units have been strongly modified 
due to alteration; 
• high-field strength elements were immobile during alteration and ratios such as Ti/Zr 
and Ti/Th can be used to discriminate some of the petrographically distinctive 
volcanic rock types; 
• the immobile element and REE data of volcanic units from the TCF and the MWF at 
Thalanga are similar to the compositional characteristics of these formations from 
other parts of the Mount Windsor Subprovince; 
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• the data from the Thalanga volcanic units are consistent with the inferred 
emplacement of the volcano-sedimentary succession of the Seventy Mile Range 
Group in a continental back-arc basin (Stolz, 1995). 
Geochemical modifications associated with alteration: 
• Hydrothermal alteration caused substantial gains of magnesium, iron and sulphur and 
loss of sodium in the footwall rhyolite below the Thalanga deposit; 
• Substantial silica was added to quartz-pyrite alteration facies and silicification also 
occurred locally on the fringes of the hydrothermal system ( quartz-K-felspar 
alteration facies); 
• potassium was conserved or added during hydrothermal alteration; 
• the concentrations of trace elements such as Ba, Rb, Sr, As and Bi vary according to 
mineralogical differences among alteration facies in the footwall (ie. abundances of 
barite, muscovite, alkali feldspar, plagioclase, epidote, tremolite and pyrite). 
• LREE and Eu were mobile during hydrothermal alteration; 
• several geochemical features of the footwall alteration zone show systematic changes 
with distance from ore; prospect-scale proximity indicators include: N a20 loss and 
increases in MgO, S, Alteration Index, Carbonate-Chlorite-Pyrite Index; Rb/Sr ratio, 
Mo, Bi, As and increasing XMg of chlorite and biotite; mine-scale proximity indicators 
include: increases in Carbonate-Chlorite-Pyrite Index; Ba, Tl and XMg of chlorite and 
biotite; 
• weak alteration of the hangingwall dacites is characterised by mobility of Si, Na-
enrichment (albite alteration) and Ca-enrichment (epidote alteration); 
• rare occurrences of sulphides in the basal parts of the hangingwall dacite are probably 
related to localised, late-stage hydrothermal activity. 
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Al Appendix 
In this Appendix, geochemical analyses are tabulated including bulk rock and microprobe 
data. Relevant information concerning analytical procedures are given below Graphic logs 
for drill holes from section 1 to 6 and geological interpretations of these sections are 
located in the back pocket of the thesis. Drill hole logs illustrate the lithofacies and 
alteration facies, provide estimates for mineral abundances, and describe textural 
observations. 
Al. l Bulk rock geochemistry 
Bulk rock geochemical data of 184 samples were obtained during this study. Major and 
trace element compositions were determined by XRF analysis at the School of Earth 
Sciences (SES, University of Tasnl.ania) (Table Al). Analyses for some trace elements 
with low abundances (Ag, Bi, Cd, Sb, Cs, TI and U) were performed by ICP-MS at the 
Central Science Laboratory (CSL, University of Tasmania) and at Analabs, an Australian 
company providing analytical services to the mining industry. The concentration of REE 
I 
were measured for selected samples by ICP-MS at the CSL. 
Sampled core intervals are 20 to 40 cm in length and quarter core off-cuts were used 
for geochemical analyses. Drill core samples were cut with a standard rock saw and 
weathered surfaces were r9moved where appropriate. Weathered parts of surface samples 
were also removed during this stage of sample preparation. 
Sample preparatiolf. for XRF analyses and ICP-MS analyses at the CSL was 
undertaken at the facilities of the School of Earth Sciences (University of Tasmania). 
Sample splits selected for geochemical analysis were wrapped in a hard plastic bag and 
crushed manually with an iron hammer to fragment sizes < 1 cm. Representative rock 
chips were milled in a common tungsten carbide mill for 2 to 3 minutes to produce about 
20 to 40 g of rock powder. 
Major elements and sulphur were measured by XRF on fusion discs as well as Ba, 
Cu, Pb and Zn for strongly altered or mineralised samples. A special method, designed for 
the measurement of sulphur by XRF was followed for disc preparation ('altered silicate 
method'). In order to prevent sulphur loss during fusion, 1 ml of 38.5% LiN03 solution 
was added to the platinum crucibles holding a mixture of 0. 7700 g sample powder and 
I 
3. 7125 g Nourish Flux. Crucibles were placed in a muffle furnace at 700 °C for 10 minutes 
A-2 
prior to fusion of the sample powder in a 'Fusilux' fusion bead casting machine where 
temperatures of I OOO to 1100 °C were applied for l 0 minutes to produce homogeneous 
melts. Several standards (Tasbas, Tasdior, Tasmonz and Tasgran) and blank discs were 
produced to test the accuracy of the measurements. 
The loss of ignition (LOI) of the samples has been determined on l to 2 g of rock 
powder weighed into platinum crucibles. The powders were subjected to 500 °C for 4 
hours prior to ignition at 1000 °C for 12 hours in order to ensure that all volatiles 
(including sulphur) were driven off Temperatures were reduced to 400 °C over a period 
of -5 hours before the crucibles were moved to a drying cabinet with a temperature of 
I 00 °C. After one hour the crucibles were placed in an exicator in order to cool to room 
temperature before weighing. Steel thongs were used for handling of the crucibles. 
Trace element analysis by XRF was performed on pellets made from pressed 
I 
sample powder. These were manufactured using 6 g of sample powder which had been 
mixed with 0.6 ml PVA solution prior to pressing. 
XRF data was obt1ained from a Philips PW1480 x-ray spectrometer using modified 
X40 software (Robinsorl, personal communication, School of Earth Sciences, University 
of Tasmania). Trace elements were measured with a Sc-Mo tube and a Au tube (see Table 
Al). Several local and intrrnational standard samples were measured during trace element 
analysis including TasgJn, Tasbas, AGVI, RGMI, ENDV, G2, BIR-I, RSES(Cu) and 
AWQuartz. 
Solutions for ICP-MS analyses at the CSL were prepared for 106 samples by acid 
digestion at the facilities of the School of Earth Sciences. Savillex beakers, which were 
cleaned by soaking in 6N HCl and 30%HN03 for 2 consecutive days, were filled with 
100 mg of sample powder. High purity H20, HF (2 ml) and concentrated HN03 (0.5 ml) 
were added. After digestion of the powder for 48 hours in the closed beaker on a hotplate 
the solution was evaporated to incipient dryness. A second evaporation stage using 1 ml 
of concentrated HN03 was followed by the final preparation of the solution with high 
purity H20 producing 100 ml of sample solution for ICP-MS analysis. The solutions 
were spiked with l 0 ml of iridium solution and analysed with a Finnigan ELEMENT high-
resolution ICP-MS at the Central Science Laboratory (University of Tasmania). Blank 
solutions were used to determine instrument drift and were analysed every eight to ten 
samples during each analysis sequence. Using the same solutions, REE data was obtained 
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for a sub-set of the samples at CSL. Details about the analytical procedures for REE 
analysis are described in Robinson et al. ( 1999). 
Powders of samples which were not analysed at CSL were submitted to Ana/abs 
where they were digested and analysed according to standard procedures (GS201, 
OM612). Several standards and duplicates of s~mples previously analysed at CSL 
provided an independent control on the quality of the analytical data. Comparison of 
results from CSL and Ana/abs showed that the data from these laboratories is in good 
agreement. At Analabs, 0.2 g of sample powder was used for digestion involving a 
combination of perchloric and hydrofluoric acid and aqua regia (code: D201). The 
solutions were analysed for low abundance trace elements by ICP-MS analysis (code: 
GS201). Furthennore, samples submitted to Ana/abs were analysed for total carbon by 
infrared spectophotometry (OM612, Leco analysis). 
Some analytical data from an extensive geochemical exploration study by RGC on 
the altered footwall rhyolite at Thalanga was made available for this research. Analyses 
:from RGC were ustrd exclusively to supplement the data-base in order to identify 
geochemical proximityi indicators to the Thalanga deposit and are therefore only included 
in Figure 8.12. 
Data from the RGC footwall study were obtained from samples of half core 
I 
generally 20 cm to 40 tm long which were submitted to Ana/abs for geochemical analysis. 
The rocks were fragmented in a jaw crusher and pulverised to nominal 75 µm using a 
chrome steel mill (~rocedures GP009 and GPOl 7). Instrumental neutron activation 
analysis (INAA) was carried out on 30 g of powder, analysing for a wide range of major, 
trace and rare earth elements (Table A2). Solutions for ICP analysis were prepared by 
digesting 0.2 g of sample material in aqua regia, hydrofluoric and perchloric acid. Optical 
emission techniques in ICP analysis were used to measure major elements and selected 
trace elements with relatively high concentrations. Trace elements with low 
concentrations were measured by ICP-MS. Zirconium was analysed by XRF with 
pressed powder pellets. Atomic absorption spectrophotometry (AAS) was used to 
measure Cu, Pb and Zn of sulphide-rich samples. The sulphur content of pyrite-rich 
samples was determined by infrared spectrophotometry in a Leco induction furnace. 
Table A 1: Bulk rock geochemical analysis(this study): Methods and laboratories 
Laboratory method elements 
SES ignition total volatiles 
SES XRF Si, Ti, Al, Fe, Mn, Ca, Na, K, P, S 
(fusion disc) (also Zn, Pb, Cu and Ba for samples with high 
concentrations of these elements) 








CSL and ICP-MS Ag, Bi, Mo, Cd, Sb, Cs, TI, U 
Ana/abs (solution) 
(GS201) 
CSL ICP-MS La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
(solution) Lu 
Ana/abs Leco c 
(OM612) 
SES. School of Earth Sciences, University of Tasmania 
I 
CSL: Central Science Laboratory, University of Tasmania 
Table A2: Bulk rock geochemical analysis (RGC footwall alteration study): Ana/abs 
methods for analysis of altered footwall rhyolite 
I 
code method I elements 
GN801 INAA Ag, As, Au, Ba, Ce, Cr, Cs, Eu, Fe, Hf, K, La, Lu, Mo, 
Na, Rb,Sb,Sc,Se,Sm, Ta,Th,U, Yb,Zn 
Gl201 ICP-O~S Al, Ca, Cu, Fe, K, Mn, Mg, Na, Ni, P, Pb, S, Sr, V, Zn 
Gl202 ICP-OES Si 
GS201 ICP-MS Ag, Bi, Ga, Mo, Sc, Se, Ti, TI 
GX401 XRF (pressed powder) Zr 
GA104 AAS Cu, Pb, Zn (for high concentrations) 
OA601 AAS Pb, Zn (for ore grade concentrations) 
OM613 Le co S (for high concentrations) 
NB: results for Na, K and Fe by INAA and ICP-OES are in excellent agreement showing 1 :1 correlations. 
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Al.2 Microprobe analysis 
Microprobe analyses were obtained for a number of minerals at the Central Science 
Laboratory (CSL, University of Tasmania) and at the Technical University of Berlin 
(TUB, Germany). Microprobe analyses were performed with a Cameca SX50 at the CSL 
using an acceleration voltage of 15 kV, a beam current of 25 nA and a beam diameter of 
-1 µm. Analyses at TUB were obtained with a Camebax-Microbeam instrument applying 
an acceleration voltage of 15 kV, a current of 16 nA and a beam diameter of -3 µm. 
Elements analysed, standards used for analyses and the limits of detection are detailed in 
Table A3. 
Calculated mineral composition of muscovite, biotite, chlorite and garnet are 
tabulated individually (Table A6 to A9). Furthermore, several other minerals such as 
epidote, calcite, feldspar and amphiboles were also analysed (Table AIO to A13). 
Samples with garnet crystals were analysed at TUB whereas samples from DDH TH247 
and the outcrop section were analysed at CSL. All analysed crystals are individually 
labelled with a code consisting of a letter (identifying the thin section) and a number 
(identifying the crystal). Multiple analyses of one crystal have the same 'mineral' label. 
The locations of' microprobe analyses were recorded on photomicrographs during the 
measurements. Analyses with numbers from 1 to 290 were obtained at TUB whereas 
analyses with numbers ~ 300 identify data from CSL. 
Table A3: Condit\on for microprobe analysis at CSL and TUB: elements analysed, 
standards and detection limits 
CSL TUB 
standard detection limit standard detection limit 
e [wt.%] [wt.%] 
Si quartz 0.05 wollastonite 0.1 
Ti ilmenite 0.05 rutile 0.1 
Al plagioclase 0.05 andalusite 0.1 
Fe fayalite 0.13 native iron 0.2 
Mn rhodonite 0.14 native manganese 0.2 
Mg forsterite 0.05 olivine 0.1 
Ca apatite 0.06 wollastonite 0.1 
Na camegieite 0.05 al bite 0.1 
K microcline 0.05 microcline 0.1 
Ba barite 0.13 na 
Zn sphalerite 0.19 na 
F lithiumflourite 0.28 na 
Cl halite 0.05 na 
na not analysed 
Table A4: Bulk rock geochemical data 
samole C2047-13 C2047-20 C2047-33 C2047-40 C2047-64 C2047-70 C2047-83 TH10-129 TH10-17 TH112-211 
DOH C2047SD46 C2047SD46 C2047SD46 C2047SD46 C2047SD46 C2047S046 C2047SD46 TH10 TH10 TH112 
death from 131 201 33 40 641 703 829 1293 17 211 3 
m 1335 203 35 402 6445 706 8315 12965 1725 2115 03 R1 03 R1 R1 R1 R1 R1 03 R1 W4 OP W1 M M DT W3 OP LA M 
SI021wt%1 604 793 641 67.7 778 570 761 85 6 72 0 74.4 
T102 lwt%1 050 006 040 0.11 007 010 009 0 05 045 010 
Ai203<wt%1 149 87 123 157 103 149 132 67 142 13 7 
Fe2031wt% 951 148 348 215 1 22 578 05:7 2 86 300 184 
Mn01wt%1 013 002 0.14 0.03 002 0.49 <001 <001 004 009 
Mn01wt%1 487 342 149 446 110 2.13 009 051 072 347 
Ca01wt%1 2.45 064 805 003 117 12 98 040 <001 097 001 
Na201wt%1 408 062 435 019 0.72 028 550 019 618 015 
K201wt%1 093 253 1 04 576 529 306 294 218 226 361 
P205 lwt.%1 011 001 0.10 002 003 002 002 001 011 001 
BaOrwt% 005 087 011 0 32 046 028 011 004 005 006 
CuO wt% <001 005 <001 <001 <001 <001 <001 <001 <001 <001 
PbO wt% <002 008 <002 <002 <002 022 <002 <002 <002 <002 
zno wt% 003 011 002 006 002 051 <001 <001 001 001 
LOI• wt% 2.26 . 2.39 328 317 200 2.17 039 233 046 296 
Total rwt%t 10018 10032 9886 9968 10010 9995 9940 10050 10050 10038 
srwt%1 0.10 090 003 116 078 032 037 210 <001 061 
C02 02 03 29 01 07 11 0.2 03 02 01 
Ba nom 529 8700 1250 3200 4600 2800 1080 509 741 364 
Cu corn 4 400 7 20 13 36 7 3 4 2 
Pb 'nnm 19 894 12 38 101 2013 15 7 7 4 
Zn ~ 311 968 134 515 177 4096 8 9 86 110 
An nn~ 03 101 02 14 07 535 05 02 02 02 
As corn <3 <3 <3 <3 4 <3 <3 12 <3 <3 
811 mm <01 1.2 02 06 02 413 0 119 121 1 8 18 
Cd 'nnm 03 2.8 02 32 06 489 0.4 02 03 02 
Cr nom 2 <2 4 2 <2 <2 <2 <2 3 2 
Cs corn 35 34 04 28 13 05 0.1 04 10 06 
Mo rnnm 1.1 167 03 6.2 30 34 03 85 04 12 
Nb nnm 10 11 8 21 13 13 14 9 8 17 
NII nom 2 2 1 4 2 2 <1 1 1 1 
Rb lnom 33 104 19 197 111 52 40 60 35 137 
Sb room 1.1 55 08 11 12 22 05 12 0.3 02 
Sr nnm 135 216 120 30 49 158 70 12 57 11 
Th room 8 9 6 18 12 12 5 7 15 
TI I nnm 08 29 <05 51 25 11 <05 25 <05 <05 
uroom 1.7 29 1.4 53 39 50 2.7 18 1 3 21 
Vlnnm 35 11 22 5 15 38 6 2 22 <1 5 
Vroom 23 27 30 64 42 52 41 23 26 43 
Zrlnnm 160 99 133 196 125 151 125 79 146 150 















Tblnoml - - - -
Dv •corn - - -
Ho rnnm - -
Erl nnm - - -
Tm IUUI - - - -
Yb 'nnm - - - -
Lu oom - - -
TUZr 188 36 182 34 34 39 43 38 185 39 
Altn Index 47 83 17 98 77 28 34 93 29 98 
CCP Index 73 60 46 52 ?7 HQ 7 57 29 58 
TH112-227 TH112-337 TH112-370 TH112-404 TH112-448 TH112-551 
TH112 TH112 TH112 TH112 TH112 TH112 
227 3 236 8 370 404 4485 550 8 
22765 2371 3704 404 4 44875 5511 
R1 R1 R1 R1 R1 R1 
OP OKF W13 W1 OKF W2 
62 3 75 0 785 796 85 6 78 9 
008 010 008 008 005 009 
11.9 134 11 0 9.7 76 118 
865 1 39 137 124 1 07 112 
018 006 004 006 002 003 
7.31 362 0.16 018 145 049 
001 <001 147 132 009 068 
017 009 2.47 043 161 586 
212 3 62 430 684 1 82 043 
001 0.01 001 002 
' 
001 <001 
002 0 02 007 011 002 001 
<001 <001 <001 <001 <001 <001 
<002 <002 <002 <002 _,002 <002 
002 001 001 001 019 001 
642 282 033 033 122 036 
9921 100.10 9980 9990 10072 9976 
468 024 001 <001 061 001 
<0.1 n 1 02 02 03 02 
260 405 866 994 280 99 
39 2 3 4 30 2 
7 4 20 40 99 5 
226 88 26 36 1839 40 
04 0.1 <01 <0.1 02 <0.1 
8 3 <3 <3 <3 <3 
68 10 05 04 06 02 
03 02 01 01 52 01 
2 <2 <2 <2 2 3 
05 08 04 05 09 03 
261 1 5 04 02 48 03 
15 16 13 12 9 16 
2 1 1 2 <1 2 
77 132 85 121 61 21 
03 04 05 04 04 03 
5 10 101 67 22 89 
12 16 11 11 8 15 
<05 06 05 07 06 <05 
30 21 1 8 18 17 12 
2 <15 <15 <1 5 <15 <15 
29 33 35 30 23 39 












37 41 4.0 43 39 36 
98 99 53 80 66 12 
87 57 17 15 41 19 
TH112-653 TH114B-170 TH114B-217 
TH112 TH144B TH144B 
6526 169.7 217 
6529 170 2172 
03 R1 R1 
W2 M OKF 
731 742 812 
045 011 006 
137 138 94 
250 202 1 78 
004 004 <001 
058 175 045 
088 051 065 
5 77 144 324 
202 454 151 
011 0 01 001 
006 0 07 005 
<001 <001 <001 
<002 <002 002 
001 001 <001 
050 1 52 1.72 
99 68 9998 10011 
0.36 <001 1 ?1 
<01 <01 04 
697 740 584 
7 3 15 
5 17 251 
36 62 49 
<01 <01 04 
<3 <3 8 
03 1 0 1 3 
02 02 03 
4 4 <2 
06 11 04 
20 173 53 
8 20 11 
<1 1 1 
33 142 37 
04 02 04 
97 47 50 
7 16 10 
<05 06 06 
14 28 42 
26 <1 5 10 
26 47 32 









185 41 37 
28 76 34 















































































































Table A4: Bulk rock geochemical data 
samnle TH114B-67 TH144B-34 TH148-130 TH14B-159 TH148-54 TH148-564 TH148-567 TH148-569 TH18-191 TH18-266 TH18-90 TH238-130 TH238-144 TH238-183 TH238-194 TH238-202 TH238-205 TH238-236 TH238-95 TH243-86 TH243A-425 
DOH TH144B TH144B TH148 TH148 TH148 TH148 TH148 TH148 TH18 TH18 TH18 TH238 TH238 TH238 TH238 TH238 TH238 TH238 TH23B TH243 TH243A 
denth from 668 342 1297 1592 54 564 567 56885 11912 265.7 897 129 8 143 7 1826 193.7 201 9 2052 236 95 2 86 4249 
II 67.1 344 12985 1593 542 5641 56715 56905 191 5 265 85 89 9 13015 14395 18285 194 2021 2054 2363 954 862 425 R2 R1 Al Rl R2 OEV OEV OEV R3 R1 03 R1 R1 Rl R1 R1 R1 Rl Rl R2 03 W4 LA W2 M W4 W4 W4 W1 M M W2 OP OP OP M W2 M M OP W4 W4 775 773 825 820 801 597 652 626 624 668 735 681 724 67 0 744 796 709 74 6 818 774 702 010 010 009 008 008 026 02~ 024 022 008 043 007 008 005 009 0 08 010 009 006 0.12 047 11 8 119 106 88 110 182 16~ 173 183 11 3 145 97 114 66 12 2 11 0 145 134 94 117 143 130 209 033 068 1.32 469 337 371 327 -240 176 1020 461 1434 142 1 04 1.69 140 1 94 133 344 
Mn0'wt%1 003 003 001 002 002 005 014 016 004 013 001 004 006 002 005 002 004 002 0 02 0 03 005 
MnOrwt%i 057 068 033 1.05 068 273 344 416 264 9 88 042 2 55 457 167 416 023 394 354 225 063 1 55 
CaO•wt%' 137 090 020 024 017 094 048 401 055 001 101 001 <001 005 007 084 012 012 <001 020 227 
Ii 452 277 460 053 367 015 097 332 0 84 012 771 013 011 006 008 5 20 1 05 182 012 315 4 85 114 360 197 5 33 248 667 595 298 690 508 011 282 247 199 357 037 392 223 2 61 399 169 001 002 002 002 001 005 006 008 005 002 011 001 001 001 001 001 001 001 001 002 0.11 003 010 008 009 004 058 031 027 022 046 001 015 003 026 012 002 008 003 0 02 018 0 06 <0.01 <001 <001 <001 <001 <001 <0 01 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <0.01 <0 01 
PbO-rwt.'li» <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <0 02 <0.02 <002 <001 <002 <002 <002 <002 <002 <002 <002 
ZnO'wt%' 001 001 <001 <001 <001 <001 <001 <0.01 <001 <001 <001 002 001 001 001 <001 003 001 <001 <001 <0.01 
LOI* wt%i 0-47 077 035 1 03 075 525 2.36 125 383 265 038 598 384 824 279 042 2 67 2.49 221 095 o 02 
Total rw131 9885 10023 101.04 99 93 10032 9923 9940 10002 9933 9897 9986 9974 9949 10023 9896 9877 9895 9978 10039 9968 99 90 
s •wt%1 004 024 002 03 <001 275 001 003 1.66 053 <001 889 166 1061 044 009 <0 01 <001 070 042 <001 
C02 <0.1 01 - - - - - - 01 <01 <01 0.3 03 01 <01 <01 
Ba rnnml 201 956 403 740 351 5210 2835 2296 1969 4194 30 1930 433 2300 1210 230 952 584 393 1518 492 
curnnrii1 2 3 <1 4 <1 87 4 8 10 5 1 10 8 22 5 3 3 1 3 347 3 
Pb rnnm 5 8 26 35 3 250 20 34 23 3 4 8 5 16 10 17 5 7 4 19 20 
Zn rnnnil 34 51 10 74 54 520 178 181 163 521 17 139 142 74 113 31 231 72 47 1142 124 
An rnnml <0.1 <01 <05 <05 <05 125 <05 <05 <05 <05 <05 <01 <01 02 <01 <01 <01 <01 <01 07 <05 
As rnnml <3 <3 3 <3 <3 68 <3 <3 8 <3 <3 8 8 25 5 <3 <3 4 7 <3 <3 
BI '"m' 03 03 01 <01 02 03 <01 <01 03 02 <01 175 84 19 6 13 13 02 0.1 26 05 02 
Cd rnnm 01 02 <01 03 <01 1 0 01 02 07 1 3 16 03 03 03 02 01 01 01 <01 59 22 
Cr nnm 2 3 2 3 1 2 2 2 1 2 2 <2 3 <2 <2 2 <2 3 <2 1 2 
Cs rnnm 04 07 01 09 05 61 50 63 19 4.7 <01 12 06 1 2 13 02 1.7 06 05 05 12 
Mo lnnm 01 04 33 42 <0.1 77 <01 <01 24 69 01 43 3 301 741 59 05 0.3 0.1 35 1.0 1.4 
Nb rnnm 14 12 12 11 13 19 20 19 23 15 B 13 14 7 16 12 19 13 1? 16 9 
N1 nnm 1 1 1 2 1 2 5 4 3 3 1 1 1 2 1 2 2 2 <1 2 1 
Rb rnnm 42 91 26 99 69 234 248 190 224 255 2 108 81 68 116 13 145 84 99 84 58 
Sb rnnm 03 02 03 05 <01 62 03 04 11 06 03 05 05 11 03 05 02 04 04 04 02 
Sr nnm 93 90 49 30 56 38 76 173 53 14 75 12 9 16 11 101 40 59 6 44 99 
Th ·nnm 12 9 10 9 10 14 12 . 13 16 9 7 10 13 6 13 12 16 14 10 14 8 
TI 'nnffii <05 <05 02 08 03 51 48 49 87 146 <01 1 0 08 19 18 <05 26 16 08 05 04 
LJlnnml 23 15 35 30 23 4.9 1.1 28 41 57 1.8 28 27 2.2 32 14 15 08 2.3 39 35 
vrnnffii <15 <15 1 2 1 12 17 13 1 9 12 5 2 2 <15 <15 <1.5 3 <15 1 26 
yrnnml 41 33 28 28 31 40 51 51 57 45 26 33 32 44 39 35 54 30 18 47 26 
zrrnnm 147 141 127 114 123 235 248 252 322 132 139 107 129 79 138 113 182 140 102 174 155 
La 'nnm - 388 35 2 - - . 
Ca lnnm - - 700 682 - - -
Pr 1nm - 86• 88 - - -
Nd 'nnm - 31.7 335 - - - - -
Sm fnnm 56 70 - - - -
Eu nnm - - 08 22 - - - . -
Gd 'nnm 53 7.0 -
·nnm Tb' - 09 12 - - - -
ovlnnm . 
- -
51 87 - - - - -
Ha•---
-
12 16 - - - -
Erfnnm 
-
33 48 - - -
Tm---r;::;;,m 
-
06 09 - - - - -
Ybrnnm 36 58 - - . . 
Lu lnnnll - - 05 08 - - . - -
Tl/Zr 40 42 43 42 39 66 58 57 41 36 18 6 37 3.7 35 38 42 37 38 35 41 182 
Alln Index 23 54 32 89 45 90 87 49 87 99 8 97 98 97 98 9 87 75 98 58 31 
CCP lndox 24 29 9 22 23 <o 48 54 42 70 20 BO 77 88 60 17 <2 54 59 20 42 
Table A4: Bulk rock geochemical data 
samole TH245·517 TH247·136 TH247-75 TH270-121 TH270-145 TH270-220 TH270-278 TH270·313 TH270-381 TH270-395 TH270-78 TH28·139 TH28·304 TH28-416 TH29-174 TH3-5 TH334-136 TH334-81 TH37·138 6 TH37-138 6 TH37-90 
DOH TH245 TH247 TH247 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH28 TH28 TH28 TH29 TH3 TH334 TH334 TH37 TH37 TH37 
deplhlrom 5171 1361 745 1212 1445 2203 2777 3131 38145 395 773 139 3045 416 1738 5 1356 808 13845 1384 897 
denlhto 5172 1362 7465 12145 1449 22055 278 3135 3816 3953 777 13915 30455 4161 17385 51 13585 811 1385 13855 899 
lilholacles 03 R3 R2 Al Al Al Al Al R1 01 R1 02 02 03 A 03 03 A PH PH 02 
alln lacies W4 M LA W4 M OP M OP CP W2 4 W4 LA LA W4 W2 W2 4 W2 
S102fwt%l 699 720 776 790 727 634 64llf 726 554 766 789 795 779 679 501 745 717 504 598 631 754 
Ti02 rwt.%1 048 012 011 000 009 005 012 010 010 ·032 007 033 029 048 0.68 044 048 046 099 107 029 
Al203rwt% 142 130 11.7 100 122 80 176 126 139 125 106 118 113 147 165 136 151 152 134 139 12.1 
Fe2031wt% 4.04 306 138 181 239 1346 473 493 1436 190 163 098 165 521 969 140 229 824 903 850 261 
MnO wt%1 006 010 004 005 009 013 007 007 014 004 002 001 002 007 016 002 002 031 033 021 005 
MaO wt%1 1.05 271 057 211 4.24 588 435 388 490 089 106 031 024 144 739 095 055 9.44 310 301 060 
CaOlwt.%1 111 031 024 022 027 <001 001 <001 011 121 007 038 073 090 782 059 106 1079 852 2.73 071 
Na201wt%1 564 244 402 237 022 <005 024 003 018 550 190 525 455 625 466 681 836 306 282 323 658 
CuO wt y, <0 01 <001 <0 01 <0 01 <0 01 0 03 <0 01 <0 01 0 31 <0 01 001 <0 01 <0 01 <0 01 <0 01 0 01 <0 01 <0 01 <0 01 <0 01 <0 01 PP~b~O~•~wt~'~Vo"-lll~~~<~0~0Ll2+-~-"-<0~02!4-~--'<~0~0~2+-~-"-<0~02!4-~--'<~0~0~2+-~~<~0~0~21--~~<0~0~2!4-~~<~0~0~2+-~~<~0~02~~~<~0~0~2+-~~<~0~0721--~~<0~0~2'+-~~<~0~0~2+-~~<~0~0~21----,,<~0~0~2;t-~~<~0~0*2t-~-<~0~0~2;t-~--"<¥0~0*2t-~~<~0~0~2+-~--'<¥0~02!,l-~--'<~0~0~2~ 
ZnO rwt%1 <0 01 <001 <O 01 003 0 02 o 05 0.02 0 04 012 001 068 <0 01 <0 01 <0 01 '<0 01 010 001 0.04 <001 <0 01 <0 01 
LOI* wt%1 048 202 071 152 256 760 423 3.17 7.22 029 199 057 069 095 147 068 035 148 068 09 047 
Tolalfwl%l 9968 9970 9970 100'04 9962 9951 9991 9988 9920 9983 9961 10098 10016 9985 ·!J992 9982 10049 10041 9982 9962 9954 
Slwt%1 002 056 02 082 084 764 108 044 592 <001 130 <001 004 <001 <001 001 <001 003 <001 004 0.03 
C02 - - - - - - - - 01 19 
Ba loom 982 882 1395 1648 1067 89 429 451 945 120 1536 793 1006 539 245 402 141 673 174 813 23 
Cu ooml 24 145 63 10 4 305 3 112 2477 2 77 3 5 3 29 148 1 72 22 19 
Pb ooml 22 38 15 28 11 27 61 65 74 31 55 9 7 11 24 163 4 190 7 11 
Zn nnml 100 142 36 301 164 446 184 358 1215 48 5462 36 58 121 108 912 56 427 137 128 43 
Ao ooml <05 <05 <05 <05 <05 <05 <05 <05 55 <05 <05 <05 <05 <05 <05 09 <01 0.2 <05 <05 <05 
As 'nnml <3 <3 <3 4 4 42 <3 <3 39 <3 19 <3 <3 <3 <3 <3 <3 <3 <3 
81 r,mml < O 1 2 5 O 2 1 2 O 4 6 5 1 5 17 5 5 2 0 2 1 5 < 0 1 < 0 1 < 0 1 0 1 0 3 O 1 O 5 06 <01 01 
Cd room 02 03 02 06 <0.1 05 06 04 52 01 139 03 1 O 0.7 03 12 01 03 03 04 1 0 
er nnm 2 2 1 3 <2 <2 2 <2 <2 <2 3 2 3 2 226 <2 2 482 2 3 
Cs ·oom 08 1.9 06 09 20 03 05 09 06 07 03 04 08 20 4.7 09 03 16 06 56 03 
Moloom 08 11.3 04 25 17 26 34 <01 19 02 13 01 06 11 <01 02 02 01 07 09 01 
Nb loom 9 14 13 12 14 9 20 16 19 9 11 11 10 10 2 8 9 2 9 11 
NI Jorn 2 2 1 2 1 1 1 1 2 <1 <1 2 2 1 52 6 1 75 5 3 2 
Rb 'nnm 58 155 71 98 158 33 120 86 61 25 78 28 39 46 44 23 5 31 16 75 3 
Sb oom 03 01 <01 <01 02 03 02 02 08 07 02 02 02 01 02 12 04 08 02 <01 <01 
Sr nnm 83 39 53 54 22 2 14 9 19 99 30 46 42 74 140 77 60 279 109 117 49 
Th oom 7 11 10 11 13 9 19 14 16 8 11 8 7 7 <15 6 7 2 3 7 
TI oom o a O 9 o 4 o 7 1.1 0.3 1.3 1.1 1 6 1 o o 4 o 3 o 3 o 5 o 5 o 6 <O 5 <0 5 01 04 < 01 
u loom 2 0 2 9 2 9 2 8 3 5 2 1 4 8 3 4 2 4 2 3 2 0 2 3 2 0 2 0 0 2 1 9 0.7 0 4 08 08 21 
Vlnoml 26 2 1 <15 <15 <1.5 <15 2 2 4 <15 3 6 28 284 18 27 230 69 68 9 
y rnnml 26 31 34 28 36 19 46 39 63 26 31 31 28 29 13 147 27 9 53 43 33 
zrronm 149 160 148 106 130 83 195 140 154 160 102 174 165 163 35 136 154 36 138 159 164 
Lalnnml - 206 341 336 290 515 394 459 188 177 - 126 45 
cernom 384 - 602 642 516 1029 744 866 372 33.1 238 97 
Pr mml - 49 - 73 81 63 127 93 109 5.0 42 33 1.4 
Nd nnml - 187 273 314 230 484 358 433 204 161 142 6.7 
Sm room 41 5 3 6 8 4 2 9 4 7 4 9 1 4 5 3 5 3 9 - 1 8 
Eunnm 07 07 09 04 1.2 09 16 12 05 - 12 - 07 
Gdnom 42 - 50 7.0 39 86 73 94 49 35 45 21 
Tb nom - o 8 o 8 1 2 o 6 1 4 1 2 1.4 o 8 o 6 - o 9 0.4 
Dv oom 4 6 4 4 6 6 3 0 7 6 6 4 7 3 4.7 3 3 - 5 1 2.1 
Ho nnm 11 1 0 1.5 0.7 1 8 1 4 l 6 11 0 7 - 12 0 5 
Er Jorn 3 3 2 9 4.3 1 9 5 3 4 0 4 3 3 0 2 1 3.3 - 1 3 
Tm rnnm 0 6 0.5 0 8 0 4 1 0 0 7 0 B 0 5 0 4 - 0 6 0 2 
Ybnnm - 40 33 48 22 63 45 48 33 24 - 35 13 
Lu oom - 06 05 07 03 09 07 0.7 05 03 05 02 
WZr 185 45 45 45 41 33 37 42 39 121 41 114 105 177 1166 19 5 187 766 430 404 10 6 
48 Alln Index 35 70 47 65 95 100 97 100 96 18 64 27 36 31 41 17 10 





Table A4: Bulk rock geochemical data 
samnle TH3B·191 TH38·260 TH38·421 TH38·54 TH382A·156 TH3B2A-157 TH3B2A-175 TH382A·213 TH. TH382A-297 TH382A-356 TH382A-400 TH394-114 TH394-142 TH394-197 TH394-198 TH394-293 TH394-44 TH394-455 TH40·348 TH40·450 TH38 TH38 TH38 TH38 TH382A TH382A TH382A TH382A TH382A TH382A TH382A TH394 TH394 TH394 TH394 TH394 TH394 TH394 TH40 TH40 
mm 
191 2603 421 54 2 156 156 8 174.75 212 5 2971 356 3 399 9 1138 1421 196.1 197 293 43 8 454 7 3481 4494 191 2 2604 4212 5435 15625 156 95 175 212.75 220 35 297 4 356 5 4001 1141 1424 197 1979 2933 44 4549 3482 4498 
o a es R1 R3 03 R1 OV OV mA 03 03 01 01 01 R2 R1 R1 R1 R1 R2 A1 02 02 
alln fac1es M M W2 M W24 W4 W24 ·w4 W4 LA W1 M LA M OKF OP W4 OP W4 W14 
S102fwt •!of 778 65 8 766 75 4 758 590 51 8 733 697 759 740 724 726 774 780 782 757 764 788 709 652 TI02 ·rw131 007 013 040 008 046 071 046 042 051 036 0 33 035 013 009 008 008 007 o 11 005 023 0 40 
Al203'w1%' 105 189 12 6 107 112 180 141 132 14 5 123 12.7 141 14 6 11 g 11 3 117 114 11 9 66 143 146 Fe2031wt.% 1 51 154 1 90 447 1 44 731 944 270 249 223 147 161 183 113 1 40 1 35 514 1 64 703 067 734 
MnO'wl.%1 009 005 001 002 003 007 016 002 006 004 003 010 003 002 004 001 008 004 <001 <001 015 MnQlwt% 313 327 029 2 91 0.79 334 765 0 85 121 132 052 047 153 076 1.43 059 2 38 067 039 021 255 Ca0fwt%1 025 006 057 <001 1 68 1 05 3 52 087 271 070 1 47 335 033 046 025 014 <001 142 003 052 129 Na26iwt%1 090 036 610 012 530 6 90 222 681 617 5 70 410 444 141 4 79 249 274 021 227 019 089 4 64 K201wt%' 340 5 99 135 243 034 039 126 010 055 039 3 82 2 61 5 09 182 309 364 239 404 201 1015 2 80 P2051wto/;;l 001 002 010 001 009 014 004 0.10 011 0 05 o 05 006 002 001 001 001 001 002 001 006 006 
Ba0'wt% 016 004 008 006 001 001 001 <0 01 002 001 012 007 005 004 008 011 002 008 003 094 007 Cu01wt% <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 Pb0Iwt% <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 
Zn0'wt% <001 <001 <001 <001 001 002 002 <001 001 001 001 010 001 0 01 003 003 001 001 001 <001 <001 LOI' wt.% 208 339 042 354 307 248 766 091 1 86 0 62 047 034 1 60 049 136 129 275 060 4.43 1 08 1 24 
Total rwt%1 9995 9947 10037 9971 10027 9942 9838 9931 99 94 9960 99.14 10000 99 23 98 86 9955 9993 10009 9924 99 58 10001 10034 
S wti;>/ol 006 023 <001 161 008 004 <001 002 001 <001 <001 007 <001 <001 049 0.79 065 001 542 044 018 C02 
- - - - - - <01 01 02 <01 <01 <01 <O 1 -
Ba 'n~m 1461 373 740 554 21 17 125 18 155 50 1285 838 601 324 775 1178 326 1056 243 8311 632 
Cu lnnm 11 21 <1 34 4 15 4 4 3 2 3 6 3 3 22 13 18 5 63 5 46 
Pb :.;~m 16 21 7 4 5 5 6 4 6 3 11 43 8 13 24 86 11 20 46 60 26 
Zn Mn 279 76 18 48 149 20 160 34 53 48 29 934 57 40 258 312 77 48 43 33 239 An 'nnm <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <01 01 <01 02 <0.1 <01 0.1 <05 <05 
As lnnrri' <3 <3 <3 3 <3 <3 <3 <3 <3 <3 <3 <3 <3 <3 
.-
<3 <3 <3 <3 14 14 <3 
BI 'nnml <01 <0.1 <01 1 0 02 02 <01 02 02 01 01 389 03 03 02 06 03 06 84 02 <01 Cd(r.nffii 03 09 31 07 02 06 <01 01 02 09 01 119 02 02 09 14 02 02 02 01 02 er·---· 1 <1 1 2 4 <2 214 <2 <2 3 5 3 <2 <2 <2 <2 <2 <2 <2 1 4 
Cs lnnm 1 8 18 01 03 06 06 15 02 04 07 05 03 1 0 05 05 04 03 11 05 07 69 
Mo"'"m 32 30 02 1.1 96 05 <01 <01 05 <01 02 03 02 <01 1.5 18 14 08 28 05 <0.1 
Nb '""m 13 25 8 14 12 8 3 8 a 10 9 9 19 14 14 15 14 13 8 6 13 
N1 nnm 2 2 2 2 4 3 42 <1 2 <1 1 1 1 1 2 1 1 2 1 2 3 Rb•--- 118 262 16 79 12 10 60 3 15 13 64 38 135 54 92 81 64 110 57 123 130 
Sb lnnm 02 02 01 <01 03 04 04 02 02 <01 02 02 02 02 0.2 03 02 02 03 06 01 Sr n;;m 22 18 76 11 61 54 94 46 109 89 76 97 47 49 34 41 8 82 5 156 73 
Th lnnm 12 22 6 6 11 6 3 7 7 9 8 15 14 11 14 13 11 7 1 11 
Tilnnm 12 31 01 04 <01 <01 03 <01 <01 <01 05 03 06 <05 1.9 14 <05 05 06 14 14 
U 'nnm 4.0 49 1 8 22 28 19 07 19 19 24 22 24 31 26 36 32 22 22 15 13 27 
Vlnnm 3 1 21 3 65 23 243 21 17 5 12 9 1 0 3 <1.5 <15 3 <15 9 8 yrnnm 41 51 24 27 35 25 14 25 28 32 26 27 45 34 38 43 36 40 20 18 35 





117 232 1001 35 3 365 
- -
Ce lnnrili - 286 - - 25 6 430 1790 65 B 621 - - -
Pr '"m' 38 - 36 56 199 79 76 - - - -
Nd 'nn~ - 15 5 - - - 153 22.8 693 28.7 291 - - -
Sm rnnml - 36 40 44 107 52 53 - -
Eu nnm 10 - - 11 11 20 11 13 - - -
Gd 'nnm - 40 - - - 45 48 88 52 54 - - -
Tb 'nnm - 07 - - 08 08 11 09 08 - -(Ju nnm 41 - - 47 47 56 48 45 - - - - -
Ho --- - 09 - - - 1.1 12 13 11 1.1 - - - -
Er nnrili 26 - - - 30 34 35 32 31 - -





32 37 40 35 35 
Lu-'""m' - 04 - 05 05 06 05 05 - - -
Ti/Zr 35 35 183 40 12 9 296 51 9 185 202 12.2 12 2 12 6 41 39 41 35 33 4.4 40 129 107 
Allnlndex 85 96 20 98 14 32 61 11 17 21 44 28 79 33 62 59 96 56 92 88 47 
rrcp Index 51 42 21 70 27 58 A2 32 34 35 19 21 03 21 33 22 73 25 75 7 55 
Table A4: Bulk rock geochemical data 
samnle TH40·506 TH401·111 TH401-120 TH401-89 TH402·103 TH402-113 TH402·123 TH402-176 TH402·219 TH402-321 
DOH TH40 TH401 TH401 TH401 TH402 TH402 TH402 TH402 TH402 TH402 
denth from 505.6 1112 120 894 ,1026 113 12/i\ 175 5 2191 3208 
denth to 5057 11145 121 896 102 85 11315 1232 17575 ---2194 321 
htholac1es QEV R1 R1 01 03 03 01 01 DIO 01 
altn facies W4 M CP LA W23 W2 W34 W31 LA W31 
S102'wt%1 637 620 321 739 764 654 771 74.4 485 737 
TI02 rw131, 025 015 011 036 040 054 033 033 0 83 034 
A12031wt%1 17.6 184 173 134 126 164 120 124 164 124 
Fe2031Wt % 346 182 1767 247 192 462 213 1 67 1057 244 
Mn0'wt%1 005 001 021 005 002 007 002 006 018 008 
MnQrwt31 314 0.64 936 068 036 190 078 029 845 049 
cao-rwt% 074 067 007 091 082 154 099 368 990 187 
Na20 rwt31 181 071 024 563 583 700 525 354 224 315 
K20'wt%1 503 12 97 327 204 101 028 067 242 123 409 
P205 rwt %1 006 005 003 006 010 013 006 006 015 006 
Ba0'wt%' 035 075 031 006 008 001 002 006 005 003 
cuorw131 <001 <001 3 79 <001 <001 <001 <001 <001 <001 <001 
Pb0'wt%1 <002 <002 017 <002 <002 <002 <002 <002 <002 <002 
ZnOfwl.%1 <001 001 274 001 001 001 001 <001 001 001 
LOI• 'wt.%f 333 160 1319 037 041 1 78 056 1.41 213 063 
Tota1<w131 9947 9983 10057 9995 9990 99 62 9991 10027 10066 9934 
Slwt%1 1.23 127 1035 001 <001 <001 <001 <001 002 <001 
C02 
- -
06 06 03 10 01 02 
sarnnm 3152 7500 2800 522 750 98 200 666 410 579 
Cu lnnm 11 7 30296 2 2 4 4 3 13 15 
Pbrnnm 31 38 1528 8 5 9 8 6 7 11 
Zn lnnm 111 62 22041 55 28 86 27 28 110 38 
An-rMm 07 <05 318 <05 <0.1 <01 <01 <01 <01 <01 
As lnnm 58 17 26 <3 <3 <3 <3 <3 <3 <3 
BJi '"ffi 08 05 239 02 01 <01 <01 03 03 02 
Cd 'nnm 01 02 35 6 01 01 01 01 02 02 02 
er nnm 3 <2 23 2 2 3 3 2 113 <2 
Cs nnmi 29 25 32 03 02 04 0.5 05 16 05 
Mo lnnml 04 01 59 ' 02 03 <01 <01 03 <01 03 
Nb nnm 20 25 15 10 7 10 9 9 4 10 
NI nnml 6 4 17 <1 1 1 1 1 43 <1 
Rb'""m 178 204 108 36 16 9 27 39 34 59 
Sb rnnm 22 22 69 05 02 06 02 03 03 02 
Sr ""ID 72 108 31 64 132 190 143 112 732 132 
Th 'nnm 13 21 17 9 6 10 8 8 5 8 
TI • .;.;m 33 212 66 06 <05 <05 <05 <05 <05 <05 
U nnm 19 50 39 24 17 09 17 15 10 16 
V'nnm 8 15 6 6 20 33 7 6 325 5 
Y nnm 51 60 . 79 28 26 33 25 26 17 26 




- - - -
Ce rnnm1 -
-
- - - - - - -
Pr nnml - - -











- - - -
Dv 'nnm 
-
- - - -
Ho rnnm 
- - - - - -
Efr.;.;m 










TIIZr 58 39 40 123 185 178 122 12.4 800 127 
Alln Index 76 91 98 29 17 20 19 27 44 48 
CCP Index 48 14 88 27 23 45 31 23 84 27 
TH402·398 TH402·88 TH410·121 TH410·131 TH410:i31 2 TH410-132 
TH402 TH402 TH410 TH410 TH410 TH410 
-398 883 121.4 131 1312 131 4 
399 885 121 5 1312 1314 131.6 
R1 03 RV R1 R1 R1 
OP W2 QKF QKF W4 M 
516 761 85 5 733 786 811 
005 049 005 010 007 007 
67 122 7.4 126 111 100 
23 96 252 061 2.09 1 05 0.78 
0 01 003 001 007 0.03 001 
064 0 69 057 201 0.82 042 
007 111 001 005 020 024 
0.12 502 012 019 3.13 342 
191 128 467 7.19 394 309 
001 011 0 01 002 001 001 
002 004 023 034 019 012 
006 <001 <001 <001 <001 <001 
001 <002 <() 02 <002 <002 <002 
009 001 <001 <0.01 <001 <001 
1567 062 0.98 1.7 094 081 
10091 100.18 10024 9967 10005 10014 
1824 <001 016 047 036 038 
01 03 04 02 02 
265 538 2071 2910 1664 1087 
761 3 51 4 3 2 
65 6 15 7 5 4 
759 43 46 50 20 9 
05 <01 01 <01 <01 <05 
59 <3 <3 <3 <3 4 
23 7 0.4 05 06 05 04 
22 01 01 0.1 01 01 
189 2 2 1 2 2 
05 05 1 0 1 2 07 02 
151 04 63 48 21 17 
9 8 10 18 12 11 
11 2 2 1 2 2 
44 23 95 152 69 47 
06 02 03 02 03 02 
16 151 42 47 54 50 
11 7 7 14 9 9 
07 <05 06 08 <0 5 03 
1 8 16 17 28 19 25 
3 41 3 5 3 3 
39 30 19 47 28 23 













40 213 38 38 40 42 
93 24 98 97 59 49 
92 3~ 10 35 :;!ii 15 
TH410·150 TH410-313 TH410·323 
TH410 TH410 TH410 
1501 3128 322 8 
150.3 313 3229 
R1 R1 R1 
QKF M OKF 
792 782 758 
008 010 0.12 
105 109 119 
059 146 125 
0 02 003 002 
059 1 22 115 
009 019 029 
038 1 90 149 
807 495 707 
002 002 002 
045 018 0.26 
<001 <001 <001 
<002 <002 <002 
<001 <001 <001 
06 091 0.75 
10059 100 01 10012 
01 001 006 
-
4039 1637 2222 
4 22 4 
9 14 21 
14 65 38 
<05 <05 < 05 
<3 <3 <3 
04 <01 02 
<01 <01 01 
1 2 2 
05 1 8 13 
42 01 02 
13 15 17 
1 2 1 
145 129 150 
01 <01 02 
33 42 66 
10 12 13 
11 08 10 
30 29 40 
5 <1 3 
33 38 41 











41 37 39 
95 75 82 
























































































































Table A4: Bulk rock geochemical data 
samole I TH410-94 I TH410-97 I Tfl412-145 I TH412A-55f! fH412A-558 I TH412B-645 I TH412B-67ll>G TH412B-786 I TH41 A-439 I TH41 A-479 I TH41A;575J" TH41 A-653 I _ T!:IA 1 A-71;)1_ TH4 71-104 I TH4 71-228 L_Il::l5:1PA I m _TH5:166 I __ TH5-178 I TH5-22 I THS-256 I TH5-301 
DOH t- TH410I TH410I TH4121 TH412AI TH412AI TH412BI TH412BI TH412BI --fH41AI TH41AI - TH41AI TH41AI TH41AI TH471 L_Itl1Ill_ TH5I TH51 TH51 TH51 TH51 TH5 
deolhfrom I 9371 9741 14521 55061 557.71 64541 67441 78571 4391 47921 575.11 653251 71341 !041J ___ 2_21ll__ 1041 16551 1781 2151 25551 301 
deolhto I 93j31" 97451 145451 550751 55781 64551 67451 78591 439151 47931 57521 65331 713551. 1043l __ 22fl~ ___ J0435I 165751 178251 21.71 25581 3014 
llthofacies I R1 I R3l R1 I R1 I R1 I R1 I R21 R1 I RVI 031 R1 I R1 I _!'l1 l fill DIOI_ 031 SBA! OVI 021 R1 I RV 
ailnfaaes I Ml QKFI Ml W21 W11 QKFI W41 OTI Ml W41 DTI Ml OKFI Ml I W41 I W41 W41 OTI M 
Si021wt%1 I 6BBI B041 B031 7931 7311 8051 7611 6131 6501 7011 7671 6061 7591 u7341_ ----~2Il ____ 6941 B37l 6641 7621 77BI 737 
no2 rwt.%1 I 0141 0091 0011 ooBI ooBI 0011 0101 0111 01BI o4sl 0011 0121 0101 ooBI 0911 0.451 0041 0401 0311 0011 009 
Al2031wt%11 1581 1001 1031 1141 1071 961 1221 1241 16BI 1441 1021 1B31 1221 120l ___ 1I91 1421 1BI 1531 1171 BBi 132 
Fe2031wt%i 1B31 0391 2511 0961 195! 0671 0471 3921 2681 4101 0991 2321 17Ql_____lU11 10021 4631 ___ 0291 3391 2961 1901 1.79 
Mn01wt%1 1--0.041 0011 0021 0021 0091 0011 0021 0461 0041 0051 0081 0121 0051 0181 0191 __ ()061 <0011 0031 0051 0061 002 
Ma0fwt%l I 1.591 0261 1321 0891 1441 0261 0531 4391 3291 1161 4331 3361 _ _1_12L_ 2281 4641__ 2911 0271 5.621 1271 2.141 3.01 
0.01 022 002 158 521 006 019 1161 085 138 175 012 008 001 823 090 013 010 116 308 013 
040 039 024 47B 3.18 139 162 1.78 037 642 157 043 042 028 2.96 539 <005 018 432 OB4 245 
8B8 7BB 339 053 064 644 796 062 556 11B 2BO 1137 636 303 136 051 053 565 129 306 208 
003 002 0 02 001 0 03 002 0 02 0 05 0 04 0 11 0 02 0 03 QJ)2 ___ O 0\ _ ___J)_g!; J)_Qg 0 08 0 04 0 05 0 05 0 01 
saorwt.%1 I 02BI 0201 · ooBI 0021 0011 0211 0211 0031 1111 0061 0061 0251 0201 __ 001>L___Q_06L __ 0011 _ 6521 0441 0.021 0151 003 
CuO fwt %1 I <0.01 I <0 01 I <0.01 I <lHlff <0 01 I <O 01 I <0 01 I <0 01 I <0 01 I <0 01 I <0 01 I <0 01 I <0 01 I O 01 I ~o !>1 I _ _ <O 01 I <0 01 I <0 01 I <0 01 I <0 01 I <O 01 
Pb01wt%1 I <0021 <0021 <0021 <0021 <0021 <0.021 <0021 <0021 <0021 <0021 <0.021 <0021 <0021 ~0021 <0021 <0021 <0021 <0021 <0021 <0021 <002 
ZnO rwt %i-I <0.01 I <0 011 <0 01 I <0 01 I <0 Ofl <0 01 I <0.0TI <0 01 I <0 01 I <0 01 I <0.01 I <0 01 I <0 01 I 0 011 __ _____()fill_ - 0 01 I 0.01 I 0.031 0 01 I 0.011 0.01 
LOl'fwt%1 I 1.981 0551 2271 0731 3471 0721 0651 2851 3731 0641 1381 2021 171L __ 2.I1L _____ 1_2Ql_ ___ 1_4_!l_I __ 1631 2461 0511 2121 226 
Total fwt%1 I 99831 100351 ___ 100541 100.361 99901 99991 1000BI 99481 99651 100011 99941 99111 99BOI 99741 100411 100001 94981 100071 99B3l 100111 9B73 
srwt%1 I 0371 0101 0991 0.141 o.161 0421 011 0011 <0011 <0011 0011 041 0661 0101 ___ __Qfil'L_ ___ 0031 1651 0021 0.011 1.331 <001 
C02 I <011 O 31 I I I I O 21 I I I I I I 0.1 I 0 21 <0 1 I O 11 <011 <01 I 1 OI O 4 
Ba rooml I 24401 17721 7261 1451 1401 19271 19151 201 I 102251 4901 5101 2011 I 17731 6331 331 I 1431 652001 44001 2041 15191 413 
cUToiiiiill 2 31 BI 11 31 41 161 31 91 21 61 BI 101 1091 341 31 331 381 31 251 2 
Pb rooml I 2BI 341 261 81 151 251 691 331 251 61 641 2121 661 11 I 61 71 231 I 251 BI 21 I 6 
Znlooml I 1091 201 1081 411 641 111 701 2301 1761 921 2091 2671 1451 1031 1021 771 211 2331 1111 9BI 78 
Aalooml I <011 <011 <05~<651 <051 <051 <011 <051 <051 <051 <051 <051 051 <011 <011 <011 041 071 <011 UI <01 
Aslooml I 51 71 101 <31 <31 <31 <31 <31 <31 <31 <31 61 131 _ _s:ll__ <31 <31 <31 <31 <3/ 211 <3 
mrooml I 031 041 2ai----021 o.61 011 021 341 011 <011 <011 031 061 ______ 301 Q_3L___ <011 <01/ <011 021 021 0.1 
CdTDoiiill ___ 011 021 041 <011 071 <011 031 061 011 <011 021 051 041 021 011 021 <011 021 151 031 01 
crrooml I 11 21 21 21 21 21 21 11 31 21 11 11 21 11 BI 31 <21 41 <21 <21 <2 
csrooml I 201 001 161 061 051 051 041 osl 5.41 051 271 491 161 1_11 271 061 021 431 131 1 Bt 06 
MorDOriill 231 3131 281 OBl ___ o21 161 701 <011 <011 021 181 361 BO/ 181 _ 101 <011 <011 021 <011 261 0.1 
Nb fooml I 191 131 141 151 151 121 131 241 251 91 121 221 171 151 61 91 31 131 91 131 16 
Nlfooml I 31 21 21 21 21 21 21 21 91 21 21 21 21 11 51 11 <11 21 21 21 1 
Rb 1iiOni1I 2221 1441 1071 251 3SI 1291 1431 201 1891 221 1051 3101 ___ 1121 91 I 451___ 191 91 1941 631 1071 81 
Sbloaml I- 051 OSI 021 081 061 021 021 021 021 051 021 031 061 __ Q.21 ___ 0.21 __ 031 041 041 021 651 03 
Srfiiiiiiill 51 I 451 1•11" 1191 1451 661 621 1161 521 91 I 891 5SI 451 71 4391 1201 10701 31 I 1041 771 6S 
ThTomiill ___ l5l-- 111 111 121 131 101 131 161 141 71 111 231 151 131 71 81 -I 101 71 101 15 
nrooml I 161 121 081 111 091 121 121 021 371 041 091 401 201 _..;_0_51 ·<OSI <051 <051 441 <051 481 1.1 
urooml I 401 231 2s1 361 tiol 311 261 231 1 BI 201 321 621 431 2s1 _ _1_2/__ 161 091 201 141 221 1 B 
Vlooml - I 41 31 21 11 21 21 21 111 321 251 21 41 21 <151 2371 371 111 111 <151 41 <1.5 
y m 68 2B 33 39 41 30 33 66 54 27 30 53 47 40 221 2BI 91 361 311 571 41 















37 37 39 Ti/Zr 
B2 
46 10 
42 39 3.7 
20 Alln Index 96 93 95 18 
40 43 
82 27 
CCP Index 7 50 25 26 77 9 
42 180 37 34 3B 35 
88 23 6B 96 94 9S 
49 39 54 32 28 69 
7B6 174 120 11 9 
3S 3S 86 9B 
76 55 50 60 









Table A4: Bulk rock geochemical data 
-
samnle THS-308 THS-337 TH5-339 THS-358 TH5·394 TH5·54 TH61-118 TH61-124 TH61-157 TH61-197 TH61-284 TH61·287 TH61·86 TH61-86 TH62C·142 TH62C-46 TH62C·510 TH62C·680 TH62C·825 TH85-125 TH85·159 
ii TH5 TH5 TH5 TH5 TH5 TH5 TH61 TH61 TH61 TH61 TH61 TH61 TH61 TH61 TH62C TH62C TH62C TH62C TH62C THSS TH85 3075 3365 3388 3575 3938 54 1176 1239 1564 1966 2835 286 5 85 6 858 1416 46 5101 6795 8252 1245 t591 307.7 33675 339 3578 3941 543 1179 t24 t5 1566 1968 283 65 28675 85 75 85 95 141.8 462 510 t5 67975 8254 t24.9 t5945 Rt Rt R1 Rt Rt ov RV R1 Rt R1 01 Ot R1 R1 02 R4 02 02 02 R1 R1 M Wt34 LA W13 OP W4 M M QKF W1 W32 W1 M QKF W2 W2 W2 W31 Wt M M 
SI02 !WI 01.1 696 81 6 734 664 766 723 753 711 785 773 81 4 62 6 81 3 744 814 737 79.7 761 735 753 75 3 
TI02 'wt%' 013 006 012 014 007 048 009 011 008 006 027 049 007 011 018 035 0.27 02t 025 007 0.09 
A1203 wt.%1 t60 98 138 140 1t 5 13 5 137 t48 116 107 10.2 178 97 1~ 8 104 135 103 104 101 11.1 12 8 
Fe2o3rwt.% 243 079 1.66 173 276 380 121 2 20 088 126 070 4 55 0 84 1 56 117 273 2t7 2 02 241 2 32 1 96 
MnD•wt% 002 <001 001 003 003 005 002 006 001 002 001 006 0 02 003 002 005 004 0.11 010 006 009 M00-iwto/J 321 0.14 070 048 2.75 192 1 05 254 061 050 032 4 68 060 119 023 078 026 043 066 1 90 251 
CaO•wt%' 0.28 065 071 512 001 0 96 023 042 012 177 t 51 0.77 084 034 033 097 045 447 4 81 3.03 0 08 
Na20 rwt.o/J 2.72 349 497 350 0 22 462 0.90 036 037 059 435 1.42 176 095 556 623 512 376 242 0.59 010 
K20 1wt 0/J 2.77 233 346 5.16 3 06 151 674 617 760 628 041 392 422 6 33 029 089 093 063 333 368 441 
P2051wt%1 002 001 002 0 02 001 011 002 002 002 0 03 005 007 001 001 003 007 004 005 006 002 001 
Ba01wt% 005 010 009 012 005 001 013 007 017 034 001 003 0 07 0.10 0.01 004 006 002 015 010 005 
Cu0fwt% <001 <001 <001 <0 01 <On1 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <001 <00t <001 <001 
PbQr .... % <002 <002 <002 <002 <002 <002 <0.02 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 002 002 
ZnD'wt% 001 <001 001 001 <001 001 001 001 001 001 <001 0 02 0.01 001 <001 <001 <001 <001 <001 001 005 
LOI" wt% 266 0.28 045 309 276 1 02 132 208 076 147 1 02 3 81 0 52 124 048 065 041 23 259 1.75 2 50 
Total fwt%1 9988 9916 99.40 9977 99 82 10024 10063 9995 10071 10036 100.17 10022 99 91 10001 100.14 9994 9977 10047 10037 9993 99 95 
Sfwt%1 <001 <001 <001 <001 069 <001 020 002 013 069 002 <001 <001 <001 <001 001 <001 0.02 004 139 0 81 
C02 03 02 02 30 <01 <01 01 02 02 05 07 06 02 <Q1 
-
-
Ba 'nnm 545 1001 1020 1320 624 229 1273 758 1675 3400 107 399 766 808 78 427 502 165 1368 1028 588 
Cu lnnm 3 3 2 4 1 2 5 3 7 45 2 3 2 3 22 63 <1 35 9 11 24 
Pb 'nnm 7 11 19 30 5 4 17 17 38 46 5 3 1t 11 7 10 3 14 15 181 380 
Zn Mffi 82 10 94 54 48 62 41 89 85 72 16 108 28 49 31 46 34 44 118 133 483 
An nnm <01 <01 <01 <01 <01 <01 <01 <01 01 02 <01 <01 <01 <0.1 <05 <05 <05 <05 <05 < 05 <05 
As ,;;;;m <3 <3 <3 <3 <3 <3 <3 <3 <3 4 <3 <3 <3 <3 <3 <3 <3 <3 <3 3 5 
81 '"ffi 02 0.1 01 05 45 01 02 0.1 54 12 05 03 04 0.1 ,<01 01 <01 1 2 01 05 0.9 
Cd rnnm 01 <01 01 02 01 01 01 01 04 07 01 02 <01 0.4 <01 0.1 01 0.1 02 02 1 9 
Cr nnm 2 <2 2 <2 <2 <2 <2 <2 4 3 <2 2 <2 <2 3 3 4 3 2 3 <2 
Cs lnnm 07 02 1.1 07 05 07 11 17 07 1 0 04 1 9 05 Q9 
' 
04 13 02 1.3 07 14 1.3 
Mo lnnm <01 <01 <01 <0.1 32 <01 18 02 1.9 1 6 <0.1 06 <01 <01 <01 01 01 02 04 11 13 
Nb ·--- 21 11 19 16 16 9 17 19 13 12 8 15 11 18 7 9 9 7 9 12 16 
NI n~ 2 1 3 2 1 1 2 1 2 2 1 1 1 1 1 3 2 2 1 1 2 
Rb lnnm 111 42 80 113 100 63 178 206 165 120 16 110 93 167 5 19 13 24 55 110 164 
Sb'""m 03 04 03 05 02 02 02 03 07 12 04 04 05 0.2 < 01 01 02 02 03 03 03 Sr 'nnm 78 81 120 128 8 87 36 30 28 85 110 57 49 33 40 59 48 85 76 48 11 
Thr.;;;m 19 9 18 16 12 8 14 16 12 11 6 12 9 15 4 7 7 6 6 11 14 
TI 'nnm 1 5 <05 09 1 0 07 <05 15 15 16 30 <05 <05 05 07 <01 01 <01 01 04 16 1.3 u nnm 2.1 12 20 13 25 1.2 29 42 24 32 14 25 2.0 3.1 16 26 1 9 17 1 8 33 36 
V 'nnm <15 <15 2 2 <1 5 21 2 4 <15 6 5 15 <1 5 <1 5 6 31 2 2 4 <1.5 <15 
v nnm 67 39 43 50 41 30 38 55 37 34 22 44 35 52 19 21 26 30 26 42 48 
zrrnnm 194 100 178 161 131 155 143 163 122 122 128 255 95 158 116 134 151 112 142 116 137 
La ;;;;ri(i - - - - - - - - 209 468 434 
Ce ···-· - - - - 375 - 916 8t 8 
Pr nnml - - - - - - - - 46 11 3 103 
Nd nnm 
- - - 181 - 431 405 
Sm rnnm - - - - 38 85 84 
Eu 'nnm - - - - - 09 - - 14 1 2 
Gd '""m - - - - 38 - 81 78 
Tb lnnm - - - 06 - 12 12 
n.iTnlim 
- - - - - - - 36 64 57 
Ho lnnm 
- - - - 08 14 12 
Erlnnm 
-
- - 24 38 31 Tm~m 
-. - - - 05 07 06 
Vblnnm 
- - - 27 43 34 
Lu lnnm 
- - - 04 06 05 
TVZr 40 35 40 51 32 187 37 40 39 30 124 116 44 41 93 157 107 113 10 6 36 39 
Altn Index 67 37 42 40 96 38 87 92 94 74 11 80 65 85 8 19 18 11 36 61 97 
CCP'"""X 50 13 21 19 A1 47 22 41 15 19 17 62 18 26 18 31 27 34 33 48 40 
Table A4: Bulk rock geochemical data 
samnle TH85-188 TH85-204 TH85-215 TH85-312 TH85-42 TH85-441 TH85-452 TH85-594 TH85-72 TH85A-241 TH85A-335 TH85A-348 TH85A-349 TH85A-384 TH85A-422 THFH2 THFH3 THFH4 THA2 THR3 THAC8-67 
DOH TH85 TH85 TH85 TH85 TH85 TH85 TH85 TH85 TH85 TH85A TH85A TH85A TH85A TH8EA TH85A surface surface surface surface surface THRC8 
denth from 1878 204 2145 3116 415 441 451 5 594 2 715 240 6 334 6 3476 3486 383.5 421 5 87 
m 18815 20425 214 8 3119 4175 44125 45175 5944 7175 2409 3349 34785 3489 383-7 421.75 88 R1 A1 R1 R1 03 RV RV 01 R1 R1 R1 R1 R1 R1 R1 QEV RV 02 A3 R2 GRA s op QP op M LA M QP W1 OKF OP OP M CP CP M W2 W2 LA QKF OKF 
S102fwt%1 745 712 67.1 727 731 579 667 730 842 716 78 0 66 9 402 493 700 74 6 82 6 757 78 6 82 3 757 
TI02 'wt%' 008 005 007 0.08 053 015 006 029 006 007 0 06 010 022 0.10 011 028 009 034 011 006 0.25 
Al203 rwt. %1 84 83 104 123 137 220 91 111 74 110 95 146 201 13.5 131 136 104 134 110 83 12.9 
Fe203fwt% 695 918 862 548 317 2 84 11 30 322 060 691 445 5 70 1367 19;4 2 80 267 079 1.34 029 131 257 
Mn01wt%' 005 0.09 013 001 004 010 003 015 <001 006 004 008 027 030 003 003 <001 001 <001 <001 005 
MnOfwt%1 2.77 397 642 110 047 491 077 0.53 008 253 176 470 1340 779 198 088 039 013 010 013 1.21 
Ca0•wt%' <001 <0 01 001 <001 053 <001 099 644 011 008 002 <001 044 O.t9 028 085 040 059 -001 003 1 04 
Na20 rw1°!.1 009 015 012 017 556 024 006 182 034 011 016 009 020 008 038 567 524 481 0.15 0.70 486 
K20'wt%1 2.14 151 1.59 375 274 618 276 152 5 87 282 245 291 4 93 093 369 080 029 326 901 5 85 113 
P2051wt%' 001 001 001 001 012 002 001 009 001 002 001 001 002 002 005 006 001 006 003 002 004 
BaO wt% 001 0.00 002 002 007 010 006 007 017 002 004 005 0 08 003 225 002 003 0.06 032 012 003 
CuO wt% 008 001 <001 005 <001 <001 <001 <001 <001 <001 003 <001 001 006 009 <001 <001 <001 <0.01 001 <001 
PbO rwt% <002 <002 <002 <002 <002 <002 <002 <002 <002 <002 0 02 <On2 <002 002 052 <002 <002 <002 <002 0 02 <002 
ZnO r • ..A3 0.13 0.02 002 <001 0,04 001 001 027 002 001 008 002 007 037 095 001 <001 001 <001 <001 001 
LOI" wt% 450 533 5 02 407 030 472 785 1 63 049 473 295 411 6.16 783 339 093 039 064 038 1.00 077 Total 'wt%1 99.73 9962 9955 9980 10031 9908 9960 10011 9942 9998 99 59 9927 9972 9963 9955 10038 10064 10033 10001 99 62 10053 
srwt%1 436 497 289 347 <001 141 8 87 023 048 359 1 57 0 86 098 512 ·203 <001 <001 <001 002 1 04 008 C02 
- - - - - - -
Ba nnml 187 118 138 402 817 892 740 560 1936 315 515 579 643 336 ?2500 296 225 580 3200 1361 239 
Cu ""-' 807 105 6 482 5 2 12 26 3 43 313 52 195 514 .... -914 4 4 3 38 95 7 Pb 'nnrJi1 37 23 20 33 214 29 32 116 70 25 245 35 22 70 4774 12 22 4 365 238 35 
Zn nnml 1232 175 244 32 337 113 68 2169 118 100 836 172 640 2972 7606 43 25 43 6 32 51 An 'nnm 16 < 05 <05 08 <05 <05 <05 <05 <05 <05 1 9 <05 <05 0.9 149 <05 <05 <05 <05 <05 
-As nnm 9 20 14 12 <3 4 19 <3 <3 16 9 4 <3 23 19 <3 <3 <3 100 19 <3 
81 ,,;nil 77 54 29 74 01 20 134 1371 03 62 101 102 08 46 27 03 03 02 02 22 
-Cd lnnm 38 01 <01 0.1 11 01 02 304 05 01 22 01 02 0.5 244 01 01 03 03 1.6 
Cr nnm 3 3 3 <2 2 <2 <2 4 <2 5 <2 4 3 <2 <2 3 2 2 <2 <2 2 
Cs nnm 04 03 04 05 05 1 4 05 03 05 03 05 07 34 04 10 1.7 03 05 03 0.3 
Mo fnnm 30 32 24 02 09 60 80 21 21 34 3.7 22 09 1.8 26 01 01 02 37 67 
Nb 'nnm 11 9 12 15 9 26 11 8 9 14 11 16 37 16 17 11 9 11 14 9 8 Nil nnm <1 1 <1 1 1 2 <1 2 1 <1 <1 2 3 2 ? 1 2 2 2 2 2 Rb•n• 67 41 51 112 41 221 85 25 94 79 76 89 259 32 113 38 8 84 137 105 32 
Sb fnnm 01 01 02 02 03 03 03 05 04 02 02 02 02 05 38.B 02 02 05 15 09 -
Sr nnm 7 7 11 B 70 20 16 113 42 16 7 12 9 7 392 202 77 48 32 32 129 
Th '""m 9 9 12 11 7 23 10 8 12 10 18 21 14 11 16 9 10 8 14 
TI lnnm 05 03 04 06 04 34 11 05 1 5 07 08 1 0 55 12 49 03 <01 04 20 09 
u nnm 30 2.1 27 31 1 8 72 25 29 23 2.7 24 40 45 25 53 21 44 16 23 20 
-
v lnnm <15 <15 <1 5 <15 25 5 2 29 2 <15 <1 5 <15 5 3 28 20 2 <1.5 3 <15 42 y nnm 29 17 29 35 32 36 28 27 20 37 30 46 78 44 49 29 27 32 23 18 15 
Zr rnnm 92 84 116 129 153 246 100 135 80 120 105 176 217 145 162 144 97 182 160 102 112 
Lalnnm 187 - 189 573 398 287 495 646 440 444 385 
-
cernnm - 362 355 477 706 55 2 944 1189 809 BOO 61 0 
-Prlnnm 
-
45 - 46 60 85 70 116 142 99 97 83 
Nd'""- 178 - 190 22 6 32 7 271 451 543 385 372 320 
Sm rnnm 40 - 45 44 66 56 89 104 79 75 63 -
Eu nnm - 04 - 11 10 08 06 1 0 1 9 21 20 1 3 
Gd 'nnm - 45 - 51 44 70 55 83 99 86 77 66 - -
Tb ·nnn . 08 - 09 07 12 09 12 14 13 12 1 0 -
Inv Cnnm 
- 46 - - 49 38 65 46 61 74 72 66 5.6 -
Ho rnnm 11 - - 11 09 1 5 1 0 13 16 16 15 12 - - -
Er nnm 30 - - 32 23 40 28 36 46 43 42 33 -
-
Tm lnnml 06 06 04 07 05 07 09 08 08 06 
-
Yb lnnriil . 35 - 36 25 44 31 45 52 50 47 35 -
Lu rnnm• - 05 - 05 04 06 05 07 08 07 07 05 -
-
11/Zr 39 36 36 37 209 37 33 131 44 35 34 33 60 41 39 115 5.6 11 2 40 35 132 
Alln Index 98 97 98 97 35 98 77 20 93 97 96 99 97 97 90 20 11 39 98 89 28 
CCP Index 80 88 R9 61 29 54 80 •1 ~ 75 69 77 83 go 03 34 17 14 4 17 37 
Table A4: Bulk rock geochemicf!I data 
Ii" THRW10 THAW11 THAW3 THRW4 THAWS THAWS THRW7 THAWS THRW9 THWH1! THWH3 THWH4 AH1-95 RH1-96 surface surface surface surface surface surface surface surface surface surface surface surface R3 A3 R3 A4 R3 R2 R4 A3 A1 R1 A1 A1 IRS IRS 
altn fac1es LA W4 LA LA LA W4 W4 LA LA QKF W4 LA 
S1021wt%1 761 792 739 704 766 766 702 779 BOO 745 78 6 784 789 761 
T102 rwt%1 0.13 013 018 027 0.14 008 032 014 011 014 0.11 011 007 0 08 
Al203 lwt% 134 110 136 15 0 124 121 155 11 3 112 12 4 11.2 11.6 107 112 
Fe2031wt% 131 061 1 97 346 2 27 090 321 1 62 067 1 83 1 08 1.98 122 1 31 
Mn0fwt%1 002 001 005 0.04 005 002 006 004 <001 006 0 01 0 03 003 003 
Mn0fwt%1 046 028 080 221 0.72 047 1.17 063 022 085 0.42 0 31 0 85 120 
CaOrwto/ol 0.10 007 050 123 1.45 005 216 010 012 046 025 053 060 092 
Na20fwt%1 3.16 223 3.77 246 380 186 464 299 3.46 1.63 2.17 2 80 082 074 
K20 !wt.%1 443 461 490 368 2.87 630 284 415 364 7.63 533 385 590 638 
P2""'c r,.,..01_1 002 0.01 002 005 002 002 0 05 002 001 002 0 01 0.01 002 001 
Ba" m•·'-' 0.06 0.06 006 005 006 012 008 0.07 005 0 08 0 05 004 0.16 0.11 
cuorwt%1 <001 <001 <0 01 <001 <001 <001 <001 <001 <001 <001 <0.01 <001 <001 <001 
PbO !wt.%1 <002 <002 <002 <002 <002 <002 <002 <0 02 <002 <002 <002 <002 <002 <002 
znorwt.%1 001 <001 001 001 001 0.01 001 0.01 <0.01 0 01 <001 001 <0.01 003 
LOI* wt%1 094 0.76 057 1.68 063 075 072 062 058 035 0.53 054 1.18 1.26 
Total rwt%1 10017 98 95 10038 100.54 101 04 9929' 100.93 9958 10007 10001 99 68 10025 10042 99 36 
srwt%1 <001 <001 <001 <001 001 019 <001 014 019 001 0 01 <001 0 34 022 
C02 
- - - - - - -
Balaam 502 531 579 596 597 1369 675 644 537 789 783 337 1343 1259 
Cu lnnm 3 2 5 3 3 10 3 5 1 3 6 2 8 15 
Pb lnnm 5 6 6 6 7 36 11 6 7 4 8 3 441 424 
Zn room 31 23 66 53 37 64 71 37 9 48 22 54 721 266 
An lnnm <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 <05 - <05 
As room <3 <3 <3 <3 <3 <3 <3 <3 5 <3 <3 <3 -
BI foam 1.0 <01 05 05 02 03 02 03 01 <01 03 01 0.4 
Cd lnnm 03 0.1 03 <01 02 0.1 01 04 01 01 02 01 1.3 
er oom <2 3 <2 5 <2 <2 2 6 <2 <2 3 4 2 2 
Cs nnm 09 09 1 8 17 14 0.8 1 5 08 04 18 06 12 08 
Mo ·aom 03 06 03 <01 05 <01 01 1.2 02 02 09 04 1 0 
Nb nnm 16 15 18 11 13 10 11 13 12 15 15 12 11 14 
N1 )Om <1 1 1 4 2 2 3 1 1 1 1 1 2 1 
Rb lnnm 120 115 146 129 67 162 89 92 67 127 105 87 130 139 
Sb 'nnm 02 0.1 04 01 0.1 02 03 01 02 <01 02 <01 03 
Sr aom 43 37 84 83 79 43 144 38 61 33 83 39 40 48 
Th nnm 12 13 16 17 10 15 16 11 11 13 12 11 16 12 
TI nnm 09 09 1.5 06 0.3 09 05 08 0.5 08 0.7 05 - 0.8 
u oom 34 36 35 14 59 29 20 22 23 31 34 24 53 
v oom <1 5 <15 <15 14 <1.5 4 20 <1 5 <1 5 <15 <15 <15 3 2 
y nnm 39 37 47 33 45 27 32 30 25 44 27 41 36 36 
Zr room 199 195 272 208 274 89 217 207 158 183 161 149 110 121 
La oam - 343 18.7 56 9 158 220 - 306 
Ce room 645 367 1027 31 0 - 409 586 
Pr mm - 82 46 11.9 - 38 - 5.3 7.5 
Nd 
--- -
- 322 180 428 - 144 - 220 296 
Sm lnnml 
- -
6.8 42 7.4 - 29 57 62 
Eu oom - - - 13 06 1 6 05 - 11 07 
Gd oom 
-
72 46 70 - 30 68 65 
Tb oom - 12 08 1.1 - 06 - 1 3 1.1 
Dv oom - - 7.4 4.4 61 35 - - 76 -· 63 
Ho nnm - 1 B 10 13 09 1.7 1.5 
Er >Orn - 5.3 29 37 26 - 46 41 
Tm '-"" - - 1 0 05 07 - 0.5 08 08 
Yb oom - - - 58 3.2 39 - 3.0 4.8 45 
Lu ·nnm - - 08 05 06 05 07 07 
TI/Zr 39 39 3.9 76 3.0 54 89 40 41 46 40 43 38 3.9 
Altn lndox 60 68 57 61 41 78 37 61 52 BO 70 56 83 82 
CCP Index 18 11 23 46 2Q 14 ~- 23 10 21 16 24 22 2' 
·\ 
e. 
Abbreviations in Table A4: 
Lithofacies 
Rl rhyolite type 1 
R2 rhyolite type 2 
R3 rhyolite type 3 












, dacite type 1 
dacite type 2 
dacite type 3 
andesite 
phyllite 
rhyolitic volcaniclastic facies 




internal rhyolite standard 
Alteration facies 
M mottled alteration facies 
QKF quartz-K-feldspar alteration facies 
DT disseminated tremolite alteration facies 
QP quartz-pyrite alteration facies 
CP chlorite-pyrite alteration facies 
Wl epidote alteration 
W2 albite alteration 
W3 hematite dusting 
W4 phyllosilicate alteration 
not analysed 
Altn Index: Alteration Index 
CCP Index: Chlorite-Carbonate-Pyrite Index 
LOI*: Loss on ignition (includes sulphur) 
A15 
Table AS: Bulk rock geochemical data (provided by RGC Exploration) 
TH270-495 TH270-89.6 TH270-130 TH270-158 1 TH270-187 5 TH270-213 TH270-252 TH270-2431 TH270-292 TH270-323.1 TH270-3682 TH247-577 TH247-98 8 TH247-169 8 TH247-219 TH247-238 8 TH247-2798 TH247-300 TH247-347 
DOH TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH270 TH247 TH247 TH247 TH247 TH247 TH247 TH247 TH247 
deoth from 495 896 130 158.1 187.5 21265 251.75 2431 291.8 3231 368 2 57.7 986 1698 219 238 8 274.8 300 3472 
deoth to 498 898 1303 1584 1878 213 252 243.35 292 3234 3684 579 988 170 219 2 23895 275 3002 347.35 
s102rw1.%1 63 60 6060 61 90 6480 6870 7800 7940 34 70 73.90 78.10 4110 7890 7540 75.10 7960 80 80 6550 68.30 62.90 
TI02 rwt.%1 009 0.13 0.09 0.10 007 0.07 007 005 0.06 0.06 006 0.08 013 010 008 005 0.13 012 018 
Al203 rwt.%1 12.25 18.56 11.82 13.03 1058 8.72 1039 895 9.59 786 8 85 921 1250 11.68 1064 773 1347 1265 17.06 
Fe203rwt% 1.70 237 347 2.04 204 2.97 439 29.27 5 26 493 243 124 2.69 207 170 1.47 270 179 353 
MnOrwt%1 004 0.04 006 0.06 0.03 004 006 0.15 0.04 0.03 035 002 005 006 004 0.02 010 0.02 0.02 
MaOrwt.%1 265 167 226 230 204 1 81 229 643 1.66 1.86 1499 044 112 1.44 1 84 046 5.50 240 1 94 
caorwt% 019 003 0.17 0.34 004 001 001 005 003 001 872 024 015 036 011 015 017 001 005 
Na20Cwl%1 050 057 0 38 068 014 0.10 010 003 0.10 0.07 0 30 097 1.56 3.72 278 2.72 0.57 0.15 0.18 
1<2orw1.% 600 532 4 91 458 357 230 263 1.04 243 1.83 1.40 518 552 1 83 1 90 0 93 4.48 4.34 5.70 
P205 rwt.%1 <001 <001 <001 <001 <001 <001 <001 003 <001 <0.01 0.02 001 001 <001 <0.01 <001 0.01 001 002 
Bao wt% 0.18 0.52 0.22 0.19 0.09 0.03 003 <0.01 0.04 0.04 996 0.33 029 O.Q7 0.10 0.03 0 39 0.15 024 
CuO wt% <001 <001 0.15 <001 001 <001 <001 <0.01 022 005 002 002 <001 0 05 <001 <0.01 <0 01 <001 <001 
PbO wt% <001 001 <001 <001 024 <001 <0.01 <0.01 002 <001 032 <001 001 0.05 <001 <0.01 <0.01 <001 001 
ZnO wt.% 0.27 010 059 002 0.50 0.03 0.02 0.06 0.05 0.05 039 001 002 006 002 0.11 0.06 0.01 O.D1 
LOI Cwt%1 
- -
- - - - - - - - - - - -
srw1.%1 0.71 092 2.04 087 123 127 192 1902 188 2.29 031 038 051 042 049 057 030 048 1.92 
Total rwt%1 88.18 8888 88 05 89.01 89.29 95 35 10130 9978 9529 9719 8920 97.03 9996 97.00 9929 95.04 93.38 9043 9376 
Zn corn 2150 830 4700 141 4050 214 126 515 424 385 3170 82 145 513 146 911 463 75 101 
Cu corn 21 22 1200 11 88 72 29 58 1770 434 131 197 53 360 38 36 11 13 61 
Pb corn 50 100 <25 50 1900 <25 <25 <25 150 <25 2550 <25 100 400 <25 50 <25 <25 100 
Ba nnm 1610 4690 1 950 1710 813 274 251 <100 329 330 89200 2920 2600 622 914 225 3530 1370 2.120 
An nnm 02 04 09 0.1 1.2 02 01 0.4 2.6 05 97 0.6 05 1.7 05 07 05 03 27 
As nnm 6 8 11 20 12 19 13 101 96 28 34 15 8 2 <1 1 <1 2 57 
Au onb <5 10 46 <5 6 <5 5 38 17 20 32 10 <5 <5 <5 5 <5 <5 41 
BI oom 1.1 1.7 2.1 08 2.7 15 61 118 31.6 28 2.6 24 35 6.7 2 23 05 07 51 
Cs room 1 <1 <1 1 1 <1 <1 1 <1 1 2 1 <1 <1 <1 <1 2 <1 1 
Gafnnm 187 31 181 195 132 10 9 156 13 2 14 109 135 105 189 152 12 82 18 172 23.9 
Hf 'nml 5.0 7.2 52 5.6 4.0 37 41 27 3.4 28 36 38 52 4.6 41 29 58 5.7 82 
Mo Cnnml 48 55 5.4 11 8 4.9 4.9 44 89 29 5.8 237 41 1 5 9 1.3 44 1 5 2 12 
NI ioml <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 <10 
Rb room 141 175 155 135 115 66 74 30 73 66 58 92 112 80 77 25 166 157 175 
Sb room <02 <02 02 <02 07 <02 <02 0.3 1.8 03 25 2 1 0 04 <02 <02 <0.2 <02 <02 1 5 
Sc room 72 11.0 75 84 63 5.1 67 3.9 5.7 49 50 5.0 75 67 6.0 4.1 85 89 12.3 
srrcoml 35 34 36 35 13 10 10 4 10 8 1550 65 51 64 51 33 47 18 21 
Tarooml 3 3 3 2 1 <1 2 <1 <1 1 1 2 3 3 2 1 1 3 3 
Th rooml 139 206 140 161 11.9 10.2 11 6 75 107 89 9.7 9.2 124 120 122 8.1 133 13.1 18.6 
TI rocml 1.4 15 1 08 07 <0.5 0.5 <05 0.7 11 43 07 05 <05 <05 <05 05 06 33 
U ooml 4 6 4 4 3 3 3 <2 2 3 9 3 3 2 4 2 5 3 5 
V 'oml <2 2 2 2 <2 2 <2 3 <2 2 22 2 2 2 <2 3 2 2 5 
W ·ooml 4 9 5 3 5 4 4 3 4 <2 <2 2 2 <2 3 <2 2 <2 3 
Zr "nnml 151 217 142 166 129 103 119 86 106 92 105 118 172 141 133 89 198 181 274 
Larooml 28.9 41.1 524 33.8 398 255 327 1550 311 20.7 298 22.6 31.5 21.5 27.3 143 31.5 340 483 
Cerooml 692 100.0 1130 81 6 92.0 581 73.0 2700 69 2 473 64.5 521 735 51 2 71.1 375 75 5 795 111.0 
smrooml 63 101 90 82 7.6 54 70 134 62 45 68 47 76 54 73 46 7.2 72 103 
Eu rooml 08 12 1.3 08 0.6 <0.5 07 1 6 <05 07 1.5 <05 09 08 0.8 <O 5 08 0.9 1.6 
Ybfooml 54 71 48 52 40 2.6 40 4.1 3.4 29 5.8 27 43 36 45 24 46 4.2 6.4 
Lu rooml 08 11 07 08 06 04 06 0.6 05 04 09 04 0.7 06 07 0.4 07 07 10 
Ill' 
Table A6: Microprobe analyses - biotite 
sarnnle TH247-136 TH247-136 TH247-169 TH247-169 TH247-169 TH247-169 TH247-169 TH247-169 TH247-219 TH247-219 TH247-219 TH247-219 TH247-219 TH247-219 TH247-219 TH247-238 TH247-238 TH247-238 TH247-238 TH247-238 TH247-274 TH247-274. 
mineral b10AG4 b10AG3 b10AW6 bioAW5 b10AW4 bioAW3 bioAW2 bioAW1 b10AX8 bioAX7 b10AX6 b10AX4 bmAX3 b10AX2 b10AX1 b10AY4 bioAY3 bioAY3 b10AY2 bioAY1 b10AZ8 b10AZ7 
Label 448 444 409 408 407 406 404 402 320 316 311 309 305 304 303 510 507 508 505 504 368 367 
lab· CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL 
rw1o;.1 
S102 3601 3847 3842 39.69 3822 38.63 3878 37.28 40.55 3988 3987 4033 4048 3985 4021 398 39.66 3976 3994 3935 3985 41.25 
Ti02 0,39 056 082 09 0.84 082 079 086 053 07 065 056 0.69 049 059 081 0.84 079 074 076 0.36 034 
Al2.03 1724 17.77 1807 1842 17.74 17.63 1729 178 1818 1744 1819 1826 1823 1856 1773 178 174 17.75 176 1791 18.65 17.14 
FeO 1373 1169 11.13 11.43 11 08 11 55 1079 1113 689 671 683 672 665 694 6 83 7 52 7.46 7.31 761 79 5 97 5 66 
MnO 067 068 0.55 0.62 054 065 06 059 039 039 0 46 043 035 046 04 0 38 034 034 035 038 043 044 
MnO 17.4 1623 1658 1709 1632 1683 1707 1603 20.19 1989 2012 1971 1905 1967 2012 1965 194 1944 1959 1934 2022 21.05 
Cao 005 0 0 0 002 004 001 005 0 0 0 0 0 0 0 0 001 006 0 0 0 0 
Na20 004 009 014 013 0.13 0.11 0.12 013 02 011 0.13 015 018 016 011 016 018 013 015 013 012 0.11 
K20 7 43 1008 102 1002 1018 974 978 10 932 988 9.64 9.48 9.49 9 37 925 963 975 953 9.53 10 10.11 945 
ZnO 006 008 0.17 0.09 015 0.11 017 0.19 016 018 0.17 016 017 004 015 024 018 025 0.24 0.22 024 0.11 
BaO 0.04 006 014 0.13 009 0.13 008 014 013 018 012 013 023 02 02 009 0 08 002 003 0.05 021 0.17 
F '1 01 117 1 29 1 45 1 42 1.48 1.49 117 165 1.6 1.59 1.6 15 142 1 78 1.99 182 2 19 2 2 04 1 1.02 
Cl 0 001 0 002 0 001 0.03 0 0 0 0 0 0 001 001 0 0 0 001 0.01 001 001 
H20/CI 35 354 351 355 3 41 342 3 39 347 348 343 3 48 3 48 351 3.55 338 327 332 3.15 326 3.23 376 377 
O~F 042 049 054 061 06 0.62 0.63 0 49 0.7 068 067 0.67 063 06 075 084 0.77 0.92 084 0.86 0.42 043 
0-CI 0 0 0 0 0 0 0.01 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sum Oxides fo/o 9306 9571 9622 98.52 9531 96.24 95.48 942 9654 9536 96.18 9593 9552 9574 9559 96.08 95.3 9538 9578 9604 9616 95.72 
#cations: calculated on the basis of 22 O"'mens 
Si 5.427 5 63 5 586 5 616 5609 5 611 5.657 5 55 5 699 5.703 5 644 5.706 5749 5656 5711 5 66 569 5683 5 692 5 623 5.637 5 815 
Ti 0044 0.062 0.09 0096 0093 009 0087 0096 0.056 0076 0069 0 059 0073 0.053 0063 0.087 009 0085 0079 0082 0039 0036 
All41 2.573 2.37 2 414 2 384 2391 2389 2343 245 2 301 2.297 2356 2.294 2251 2 344 2289 234 231 2317 2308 2.377 2363 2185 
Alf61 0491 0694 0682 0688 0 678 0629 0629 0 674 0.711 0.642 0678 075 0 801 076 0 68 0644 0 632 0672 0648 0.64 0.746 0.663 
Fe2+ 173 1 43 1.353 1 352 1 36 1403 1.317 1 385 0809 0802 0809 0795 0789 0824 0812 0895 . 0 895 0874 0906 0944 0706 0 668 
Mn2+ 0086 0084 0067 0074 0.067 008 0074 0075' 0047 0047 0055 0.051 0042 0056 0048 0045 0042 0041 0043 0046 0052 0052 
Ma 391 3539 3592 3604 357 3644 3712 3556 4 23 4 239 4.246 4156 4032 4.161 426 4165 4147 4142 4.161 4119 4263 4422 
Ca 0007 0 0 0 0.003 0.006 0001 0009 0 0 0 0 0 0 0 O· 0002 0009 0 0001 0 0 
Na 0012 0025 0.04 0.037 0036 0.032 0034 0037 0056 0031 0.037 _0041 0049 0045 0032 0045.] 0049 0 036 0.042 0.036 0032 0029 
K 1.429 1.882 1.891 1.807 1.907 1 805 1.819 1 9 1671 1.802 1741 1.711 1.719 1.696 1 676 1.14{J1 1 785 1.737 1.732 1.822 1824 1.7 
Zn 0006 0009 0018 001 0016 0012 0018 0021 0016 0019 0017 0017 0017 0004 0.015 0025 002 0026 0025 0023 0025 0011 
Ba 0002 0004 0008 0007 0005 0.007 0004 0008 0007 001 0.007 0007 0.013 0011 0011 0 005 0.005 0.001 0002 0003 0012 0009 
F 048 0 543 0592 065 0.661 0681 0.689 0551 0.735 0726 0712 0717 0674 0 638 0.797 0894 0 828 0992 0902 0921 0448 0.457 
Cl 0001 0003 - 0 0004 0001 0003 0008 0 0 0 0 0 0 0 003 0003 0 0 0001 0003 0.002 0002 0002 
OH 3519 3454 3408 3 346 3 338 3 317 3303 3449 3265 3274 3288 3282 3326 3359 3199 3.106 3172 3008 3095 3076 3551 3542 
Sum cations 15 717 15.729 15741 15.675 15735 15.708 15 695 15761 15603 15668 15659 15587 15535 1561 15597 15.657 15667 15623 15638 15.716 15.699 1559 
Y-aos1tlon f6J 6.266 5819 5 802 5 823 5784 5 859 5 837 5807 5 868 5825 5874 5 829 5.755 5 858 5 877 5.861 5 825 5 841 5862 5 854 5 83 5 851 
X-nos1tlon 112· 1.451 1.911 1939 1 852 1.951 1.85 1859 1 954 1734 1 843 1785 176 178 1 752 1719 1 797 1 84 1.783 1.776 1 862 1 868 1738 




Table A6: Microprobe analyses - biotite 
samnle TH247·274 TH247-274 TH247-274 TH247·274 TH247-274 TH247-274 TH247-274 TH247-300 TH247-300 TH247-300 
mineral b10AZ6 bioAZ5 bioAZ4 bioAZ3 bioAZ2 bloAZ1 b10AZ1 bioBA2 bioBA1 b10BA1 
Label 366 361 360 359 358 356 357 330 325 326 
lab: CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL 
fwt%1 
Si02 395 398 3961 3986 3965 3942 3998 41.86 4049 4073 
T102 035 031 036 035 032 0.37 034 0 41 043 045 
Al203 18.14 1846 17.75 18.18 18 56 1801 1849 1746 19.04 1855 
FeO 6.06 583 597 598 595 601 5 88 496 487 515 
MnO 037 035 0.43 044 037 0 34 051 022 021 0.16 
Moo 20.41 20.31 21.16 20.52 2012 2012 2008 22 2014 2126 
cao 0 003 001 003 0 0 001 0 0 006 
Na20 009 01 009 013 0.13 011 0.12 0.16 017 018 
K20 1009 1039 921 9 85 10.22 1048 1005 9.5 9 55 966 
ZnO 017 02 022 018 0.18 021 02 017 0.07 008 
Bao 021 027 024 022 025 023 0.22 008 0.14 006 
F 1.07 1 09 1 08 098 1 03 0 95 1 02 1 95 1.37 1.72 
Cl 0 0 001 0 0 0 001 001 001 001 
H201cl 369 371 3 69 3.76 373 3.74 374 3.4 36 3 48 
O=F 0.45 0.46 046 041 0.43 04 043 082 058 0.73 
O:CI 0 0 0 0 0 0 0 0 0 0 
Sum0xldesr% 95.39 9605 9505 9574 9575 95 3 9588 96.82 9511 9634 
tl cations: 
S1 5 638 5644 5 649 5 658 5637 5 647 5667 5803 5712 5 688 
TI 0.037 0033 0.038 0037 0035 004 0 036 0043 0046 0047 
Atr41 2 362 2356 2351 2342 2363 2.353 2.333 2197 2288 2 312 
AI r51 0691 0729 063~ 0.699 0746 0687 0756 0655 0878 0741 
Fe2+ 0723 0691 0.712 0.709 0707 072 0 697 0575 0.575 0.602 
Mn2+ 0045 0042 0.052 0053 0.045 0.042 0 061 0026 0025 0019 
Ma 4342 4292 4499 4341 4262 4.296 4.242 4.546 4.236 4425 
Ca 0 0 004 0002 0005 0 0.001 0.001 0 0 0.009 
Na 0.025 0028 0024 0035 0.036 0 029 0.033 0043 0047 005 
K 1.838 1 88 1.676 1.784 1 853 1.915 1 818 168 1.718 1 72 
Zn 0018 0021 0023 0019 0019 0022 0 021 0017 0.007 0008 
Ba 0012 0.015 0014 0.012 0014 0013 0 012 0004 0.008 0003 
F 0485 0487 0 488 0442 0.463 0.431 0456 0856 0612 0761 
Cl 0001 0 0001 0 0 0 ' 0004 0003 0.003 0002 
OH 3515 3 513 3511 3558 3536 3569 3541 3.141 3386 3237 
Sum calions 15.731 15.735 15672 15694 15.717 15765 15.677 15589 1554 15624 
Y·nos1llon r51 5.855 5 808 5 956 5 858 5.814 5807 5 813 5 862 5 768 5 841 
X-oosit1on r12 1.874 1.927 1.715 1 836 1904 1958 1 864 1.728 1773 1.783 
XMn 0857 0861 0 863 0 86 0858 0856 0 859 0888 088 088 
cpo 
TH247-322 TH247-322 TH247-322 TH247-322 
bioAK6 b10AK5 b10AK4 b10AK3 
471 470 466 465 
CSL CSL CSL CSL 
3902 3878 3928 3895 
091 082 091 089 
1812 1823 1809 1828 
822 834 8 05 792 
056 0.75 075 066 
1802 18 57 18 67 1821 
006 002 001 004 
01 005 006 009 
983 985 1016 9 99 
0.17 011 019 016 
0.15 012 01 013 
074 0.6 07 0.79 
0 001 001 001 
38 388 386 378 
031 025 029 033 
0 0 0 0 
9516 9564 96.27 95 32 
5 638 5584 5 617 5 617 
0098 0089 0098 0097 
2 362 2 416 2 383 2383 
0.724 0677 0666 0725 
0993 1.004 0963 0.955 
0068 0092 0091 008 
3.882 3986 3 98 3914 
0009 0003 0002 0 006 
0028 0015 0016 0 026 
1 811 1.809 1853 1.837 
0018 0.012 0.02 0017 
0009 0 007 0006 0008 
0337 0272 0316 036 
0001 0002 0001 0003 
3662 3.726 3682 3638 
1564 15694 15695 15665 
5.783 5 859 5 819 5.788 
1 857 1 833 1877 1.876 









































































































5.949 5 876 
1.75 1 885 
08 0933 
TH247-347 TH247·347 TH247-347 TH247-347 TH247-57.7 
bioBB4 bloBB3 b10BB2 bloBB1 b10AU1 
440 439 434 433 453 
CSL CSL CSL CSL CSL 
4138 42 58 4124 4119 38 54 
03 026 033 0.31 1 29 
1592 1531 1655 1624 1598 
3 3.29 293 26 1125 
027 027 031 03 0.82 
2413 2454 23.98 2374 161 
0.03 003 001 0 0 
0.17 0.17 016 0.16 0.09 
1008 998 964 1043 1023 
015 007 013 0.08 016 
011 0.07 0.09 0.12 006 
3 92 38 362 343 203 
0 0 001 0 0 
241 253 257 263 3 07 
1.65 1 6 152 1 45 0.86 
0 0 0 0 0 
9554 96.57 9537 9517 9452 
5 805 5899 5.774 5.798 5724 
0.031 0027 0.034 0033 0144 
2195 2101 2226 2.202 2276 
0.437 0 399 0505 0493 0521 
0352 0.381 0343 0 306 1 398 
0032 0031 0.036 0036 0103 
5.046 5067 5.005 498 3565 
0004 0004 0.001 0 0 
0046 0 046 0044 0042 0025 
1804 1763 1722 1872 1.938 
0015 0.007 0014 0.008 0018 
0006 0004 0.005 0.007 0003 
1.741 1 665 1.601 1 529 0954 
0 0.001 0002 0 0 
2258 2334 2.397 2471 3045 
15773 15.729 15709 15777 15715 
5 913 5912 5.937 5.857 5.749 
186 1 817 1772 1.922 1.966 
0935 093 0936 0942 0718 
Table A6: Microprobe analyses - biotite 
samnle TH247·74.5 TH247-74 5 TH247-74 5 TH247-74 5 TH247-74 5 TH247-745 TH247-988 TH247-98 8 TH247-988 TH247-988 TH247-988 TH247-988 TH247-98 8 TH247-988 TH40-67 O TH40-670 TH40· 670 TH40-670 TH40 • 67 0 TH40-670 TH40-670 TH40· 67 0 
mineral bioAF5 bloAF4 bloAF3 bioAE2 broAF1 broAF1 broAV8 bloAV7 broAV6 bioAV5 broAV4 broAV3 bloAV2 bioAV1 bioF9 bioF9 bioF8 broF7 b10F6 broF5 broF4 broF3 
Label 492 491 490 488 482 483 397 392 391 390 379 378 376 375 253 254 252 251 236 235 234 233 
lab: CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL TUB TUB TUB TUB TUB TUB TUB TUB 
rwt.%1 
Sr02 34.93 3662 3674 3604 36 58 3678 36.11 3647 3751 3581 376 37.14 3754 3762 34 56 35 21 35 52 35.70 3551 3521 35.11 35.76 
Tr02 162 1.83 1.77 1 57 1 78 1.81 096 088 1 03 085 1 04 1 06 1 02 1.07 1 02 1 00 1.07 0.80 0 84 o 83 0.83 096 
Al203 1675 15.78 1599 16.38 1605 1601 1616 1734 1716 17.07 1736 17.13 1738 1758 18 56 1837 17.78 1870 1836 18.43 18.73 17.64 
FeO 2018 184 1!! 12 18 49 1809 1779 16.91 1666 15.38 1757 1586 1567 1637 1593 22 47 2235 22.58 20.62 2218 2182 2191 2259 
MnO 096 1.04 098 084 1 099 0.65 081 0.71 066 066 072 075 0.73 0.52 053 0.55 041 0.44 0.44 0.63 0.51 
MaO 11.63 1081 11.48 11.75 1138 1139 1328 13.57 1326 1366 1345 132 1329 1331 7 43 769 771 856 792 8 05 7.90 825 
cao 006 004 0 0 002 0 0 004 001 003 003 002 0.02 0 012 007 008 002 004 001 011 001 
Na20 006 006 006 006 005 007 003 0.07 007 004 008 007 008 005 0.06 008 003 0 09 009 004 008 003 
K20 762 924 949 866 961 934 9 05 8 62 9 81 6.85 1011 931 6.97 902 9.34 9.38 961 955 9.64 9.76 9.82 9.67 
ZnO 008 009 0.12 007 01 012 006 0 012 02 002 009 008 0.09 
BaO 007 0.1 0.1 004 0.05 0.07 0 03 001 001 0 04 005 008 0.07 008 
F 084 111 124 1.07 123 1 56 1 04 094 1.23 093 1.2 1.28 109 1.03 
Cl 001 0 001 003 0 02 001 0 005 002 002 001 001 0.01 0.01 
H201cl 347 335 3.33 3.37 332 317 339 3 51 341 35 346 336 35 353 
0-F 0.35 047 052 045 052 066 044 04 052 0 39 051 0.54 046 0.43 
O=CI 0 0 0 001 0 0 0 0.01 0 001 0 0 0 o 
Sum0XJdes(% 9396 9401 94 85 939 94.71 94.37 9324 94.47 9507 94 78 9626 94 49 9557 9546 9409 94'.38 9494 9444 95.02 94 60 9512 95.44 
#cations· 
' 
Sr 5.412 5659 5 623 5 555 5.61 5642 5573 552 5 63 5.45 5.593 5.609 5.604 5 608 5 43 5 49 5.54 5.52 5 51 549 5.45 5.54 
Ti 0.189 0212 0204 0.182 0205 0209 0111 01 0.117 0097 0117 012 o 114 0.12 0 12 012 013 009 0.10 0.10 010 011 
Al141 2588 2.341 2377 2445 2 39 2.358 2427 2.48 2 37 2 55 2407 2 391 2396 2392 2.57 2.51 246 248 2.49 2 51 2 55 2.46 
Alf61 047 0533 0507 0.531 0511 0.535 0511 0612 o 667 0.512 0636 0 658 0662 0695 087 066 0 60 093 087 087 088 076 
Fe2+ 2.615 2376 232 2383 2 32 2282 2182 2109 1 93 2236 1973 1 979 2 044 1 986 2 95 2.91 294 267 288 264 265 293 
Mn2+ 0126 0136 0127 0.109 013 0.129 0084 0104 009 0085 0063 0.093 0 094 0 092 007 007 007 005 006 006 008 007 
Mo 2686 249 2 619 2 699 2602 2604 3054 3062 2967 3097 2982 2 971 2 957 2 956 1 74 179 179 1 97 1 83 1.87 183 191 
Ca 001 0006 0 0 0004 0 0 0006 0 002 0005 0004 0 004 0003 0 0.02 001 001 OOO 001 0.00 002 OOO 
Na 0.019 0017 0019 0.018 0.016 0021 0009 0.02 0019 0011 0022 0019 0.024 0015 002 002 0 01 0.03 0.03 001 002 001 
K 1.505 1.822 1853 1703 1 88 1828 1 782 1 663 1 679 1.718 1.918 1.793 1.708 1 715 1.87 187 1.91 1 69 1.91 1.94 1 95 191 
Zn 0.009 0.01 0014 0007 0011 0013 0006 0 0 013 0022 0002 001 0009 001 
Ba 0004 0006 0006 0002 0003 0.004 0002 0 001 o 0002 0003 0005 0004 0004 
F 0.411 0542 06 0523 0.596 0755 0 508 045 0582 0446 0566 0 609 0513 0484 
Cl 0003 0001 0003 0008 0.005 0003 0 0012 0004 0006 0002 0003 0004 0002 
OH 3566 3456 3397 3.469 3.398 3241 3.492 3539 3.414 3548 3432 3 388 3 484 3 514 
Sum cations 15.633 1561 15669 15634 15682 15 625 15741 15 677 15684 15785 15 74 15652 15619 15 593 15 67 15.65 1567 1563 15.68 15.70 15.72 15.70 
Y-oos1tron 161 6094 576 5789 5912 5.78 5773 5 949 5986 5784 605 5792 5 831 5 88 5859 5 76 5 75 5 73 5.72 574 5 74 573 5.77 
X-nosrtlori 112' 1.539 1 851 1878 1 724 1 902 1854 1794 169 1 9 1736 1 948 1 821 1 739 1.734 1 89 1 89 192 1.91 194 195 197 1 92 





Table A6: Microprobe analyses - biotite 
samnle TH40-67.0 TH40-670 TH40- 67 0 TH40-67 0 TH40-67 0 TH40-67.0 TH40·67 0 TH40-67.0 TH40-670 TH471 -10 
mineral bioF2 b10F16 bloF15 bioF14. bloF13 bloF12 b10F11 b10F10 b10F1 b10D6 
Label 232 280 279 261 260 259 258 255 231 186 
lab. TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
llwt%1 
S102 3613 35.61 3578 34.67 3492 3426 3454 . 3588 3513 3620 
T102 0.81 147 1.67 1.48 1.47 1 44 1 38 1.05 078 0.58 
Al203 1846 17.32 1742 17.96 1805 1792 1754 17.99 18.74 18 89 
FeO 2157 2223 2189 2346 2384 2420 23.18 21.14 2246 17.36 
MnO 049 052 044 0.58 0 57 0 59 053 053 0.66 032 
MaO 731 775 7.72 664 633 626 650 791 7.90 11 45 
Cao 207 004 002 OOO 003 OOO OOO 002 006 003 
Na20 006 005 0.05 0.04 008 0.06 006 005 001 016 








Sum Oxides I% 9570 9465 94.75 9455 9500 9434 93.33 94.22 9531 95 04 
#cations: 
SI 554 556 5 57 5.47 5.48 5 44 551 5 59 5.45 5.49 
Ti 009 017 020 0.18 017 0.17 017 0.12 0.09 0.07 
Al141 246 244 243 253 252 256 2.49 241 255 2.51 
AJl61 088 075 077 0 80 0 82 079 081 089 087 086 
Fe2+ 2.77 290 2.85 309 313 321 309 2.75 2 91 2.20 
Mn2+ 006 007 006 0.08 008 0.08 0,07 007 009 004 
Mn 1.67 1.80 179 1.56 148 1.48 1 55 1.84 1 83 259 
Ca 0.34 001 OOO OOO 001 0.00 OOO 0.00 001 OOO 
Na 002 002 001 001 002 002 002 002 0.00 005 






Sum cations 1556 15.64 15.61 1567 1566 15.70 1566 1561 15.70 15.75 
Y-nos1tion 161 5.48 5.70 5 66 571 5 68 573 5 69 5 67 579 5 76 
X-nosl11on 1121 1.74 1.94 1.95 1.97 1.97 1.96 1.97 1 93 1 90 1 99 
XMn 038 038 039 034 0 32 032 033 040 039 054 
QJO 
TH471 -10 TH471 -10 TH471 - HI< TH471·1°' TH471 -1o.i TH471-15! TH471 -15! 
bloD5 bioD4 b10D3 b10D2 bloD1 bloC9 b10C8 
184 162 161 160 159 1 92 
TUB TUB TUB TUB TUB TUB TUB 
3617 3461 3548 3591 35 91 3641 3697 
0.77 073 0.65 099 0.78 1 s• r 1 66 
1879 18 53 18.39 1754 17.90 18 54 1806 
1840 1951 1858 1855 1843 1451 1460 
032 038 033 029 0 32 058 061 
1090 1137 11.04 1104 1120 1302 1330 
OOO 0 06 002 004 0 03 0 03 001 
015 0.13 013 012 010 007 0.10 
9.98 8 86 9.75 9.78 999 973 10.12 
9548 94.16 94.37 9426 9466 9449 95 43 
548 534 5 46 553 5 50 5 47 5 52 
009 0.08 008 011 009 018 019 
252 266 2.54 2.47 2 50 253 248 
084 072 0.79 071 074 0.76 0 69 
2 33 252 2.39 239 236 1.82 1.82 
0 04 0.05 004 004 0 04 0 07 0.08 
246 262 253 2.53 2 56 2 92 296 
OOO 001 OOO 001 0.01 0.00 0.00 
004 004 004 004 0.03 002 003 
1 93 1.75 1.91 192 1 95 1 87 1 93 
1574 1578 1578 1575 1578 15 64 15.70 
576 5 98 583 5.78 579 5.76 574 
1.97 1 78 195 1.96 198 188 1.96 
0 51 0 51 051 051 052 062 062 
TH471 -15< TH471·15! TH471-15! 
bloC7 bloC6 b10C6 
90 86 87 
TUB TUB TUB 
38 53 3525 3650 
1.10 138 1 57 
1847 18 40 1830 
673 1311 12.52 
044 068 063 
1944 1783 17.69 
001 0 00 001 
062 012 0.13 
8 84 6.72 7.24 
9418 93.49 94.59 
555 5.25 5.36 
o 12 o 15 0.17 
2.45 275 2.64 
0 69 048 0.53 
0.81 163 1 54 
005 009 0.08 
418 3.96 387 
OOO OOO OOO 
017 003 004 
1 63 1.28 1.36 
1565 1562 1559 
5 85 631 6.19 
1.80 131 140 




























































Table A6: Mlcroprobe analyses - biotite 
samola TH471-15E TH471 -159 TH471-15E TH471-15E TH471-15! TH471 -15 TH471 -15! TH471 -15! TH471 -15 TH471 -15! 
mineral b10C3 bloC3 b10C26 bioC25 b10C24 bioC23 bioC22 b1ac21 b10C20 bioC2 
Label 79 80 146 133 132 129 128 127 126 78 
lab· TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
rwt.%1 
S102 3581 37.08 3604 3662 3584 3597 3655 3683 3686 37.02 
T102 1.59 1.72 163 1.62 1.62 1.61 1.48 1 58 1.57 . 1 64 
Al203 17.98 1822 18.26 1826 18 49 1870 1834 1783 18.45 1821 
FeO 1488 1410 14.74 1501 14.82 1464 14.86 1458 14.85 1449 
MnO 0.67 052 057 051 046 052 0 60 059 061 0.55 
MaO 1254 1321 1300 1330 1311 1304 1329 1363 1323 1333 
CaO 005 OOO 002 OOO 004 0 01 002 0.01 004 003 
Na20 010 0.13 009 0.10 008 0 05 008 0.10 010 008 








Sum0XJdesl% 9334 95.32 94.10 9542 9441 9496 9536 9526 95 33 9535 
#cations· 
SI 5.48 553 5.46 547 5.42 5 41 5.47 5 51 5.49 . 5 52 
TI 0.18 o 19 019 o 10 0.18 0.18 017 018 0.18 018 
Alf41 2.52 247 2.54 2 53 258 2.59 2.53 2.49 2 51 248 
Alf61 0.72 073 071 069 071 073 070 065 073 072 
Fe2+ 1 90 176 1 87 1 00 1 87 1 84 1.86 1 82 1 85 1 81 
Mn2+ 009 0.07 007 0.06 006 0.07 008 0.07 008 007 
Ma 2.86 2.94 293 2 96 2 95 2.92 2.96 304 2 94 2.96 
Ca 0,01 OOO OOO OOO 0.01 0.00 0.00 0 00 001 OOO 
Na 0.03 004 003 o 03 002 001 0 02 003 0.03 002 






Sum cations 15.69 1570 1568 15.71 15.72 1576 1573 15.72 1564 15 66 
Y-oos1t1on 161 5.75 569 577 5 77 578 5.74 5.77 5 76 5.78 574 
X-oosition f121 1.93 2.01 191 1 94 1 94 201 196 1.96 1.86 192 
XMa 0.60 063 061 061 0 61 0.61 061 062 0 61 062 
(j)D 
TH471 -15E TH471 -15! TH471 -15! TH471-15! TH471 -15! TH471 -15 
bloC19 bioC18 bioC17 b10C16 b10C15 b10C14 
125 123 122 121 120 118 
TUB TUB TUB TUB TUB TUB 
3665 3692 3712 3680 3692 3624 
1.64 1.63 167 1.74 1 62 1 64 
18 65 18.09 1864 18 68 18 62 17.74 
1504 1500 1501 15.22 1431 14 96 
0.45 063 046 057 0.52 0 63 
1323 1322 1329 1325 13.14 1289 
002 004 003 001 003 004 
0 04 010 012 0.10 0.10 008 
998 9.79 965 10.08 999 9.65 
' 
~ 
9571 95.41 9599 96.45 9524 93.86 
545 5 51 549 5.44 5.50 5 51 
018 o 10 o 19 019 018 0.19 
255 249 2 51 2.56 250 2 49 
072 069 074 0.70 077 068 
1 87 1 87 1 86 1 88 1 78 1 90 
006 008 006 007 007 000 
293 2.94 293 2 92 2.92 2 92 
OOO 001 0.00 o.oo 0.01 0 01 
o 01 003 004 003 003 002 
1.89 1 86 1.82 1 90 1 90 1.87 
1568 1566 1563 1570 15.65 1567 
5.77 5 77 577 5.77 572 5.77 
191 1.89 1.86 1.93 1 93 1.89 
0 61 061 061 061 062 061 
TH471-15! TH471 -15! TH471 -15! 
b10C13 b10C12 bioC11 
97 95 94 
TUB TUB TUB 
35 59 3614 3645 
1 53 1 61 152 
18.15 1820 18.57 
14.56 14.37 14.85 
055 0 64 058 
1298 1304 1321 
001 002 0.02 
005 011 0.13 
993 1020 9,79 
9337 94.33 9512 
5.44 546 5.45 
0.18 0.18 0.17 
256 254 2 55 
071 071 073 
1 86 1 82 1 86 
007 008 007 
2.96 294 295 
OOO OOO OOO 
002 003 004 
1 93 1 97 1 87 
1573 1573 15.69 
577 5.73 5.78 
1 95 2.00 1.91 
061 062 0.61 















o 10 0.16 











































Table A6: Microprobe analyses - biotite 
samnla TH62C-14 TH62C-14 TH62C-14 TH62C-14 TH62C-14 TH62C-14 TH62C-14 TH62C-14 TH62C-14" TH62C-14 
mineral b10A8 bioA8 b10A7 bloA6 bloA5 bioA4 bioA3 bioA3 b10A2 bioA2 
Label 28 29 24 23 22 20 15 16 13 14 
lab· TUB TIJB TUB TUB TUB TUB TUB TUB TUB TUB 
lrwt.%1 
S102 3375 3483 3449 3227 32.87 3351 3425 34.13 3311 3391 
Tl02 1.63 1.56 014 1 03 1.61 1.41 150 1 54 1 42 1.52 
Al203 1751 17.52 1835 1832 1727 1789 1715 17.40 1750 17 44 
FeO 2757 2724 2642 2811 2779 2732 2788 28.09 2816 2781 
MnO 0.35 038 039 040 0.46 0.40 0.37 0.38 057 043 
MaO 520 5.57 599 565 5 58 542 521 5 23 538 523 
cao 004 002 0.12 010 0.05 008 OOO OOO 004 003 
Na20 0.05 0.08 007 0.03 004 006 005 006 004 011 








Sum Oxides 1% 9436 9630 9458 93.09 9335 94.36 95 86 9614 9442 9583 
# cat10ns: 
S1 5 40 546 547 524 5 33 5 36 5 44 540 5 33 '5 39 
TI 020 018 002 013 020 017 018 018 017 0.18 
Al141 260 254 2.53 276 267 2 64 256 2 60 2 67 261 
All61 071 070 090 0.75 0 63 074 0 65 0 65 065 066 
Fe2+ 369 3.57 3 51 382 3.77 3.66 370 372 379 369 
Mn2+ 005 005 005 006 006 005 005 005 008 006 
Ma 124 130 1.42 1.37 1.35 1 29 123 123 1.29 1 24 
Ca 0.01 OOO 002 0.02 001 001 OOO OOO 001 OOO 
Na 002 002 002 0.01 O.Dl 002 001 0.02 001 0.03 






Sum cations 1561 1564 1568 1565 1562 1563 15.73 1573 1568 15.76 
Y-position 161 589 580 590 613 601 5 91 5 81 583 5 98 5 83 
X-oosition 1121 171 1.84 1.76 1 50 1 60 1.71 1.92 190 169 1 93 
XMa 025 027 029 026 026 026 025 025 025 025 
C!l' 
TH62C-14 THRW1 THRW1 THRW1 THRW1 
b10Al b10AE6 b10AE5 b10AE4 bioAE2 
12 427 426 425 423 
TUB CSL CSL CSL CSL 
3394 37.02 3721 3684 4016 
1 47 085 08 1 03 06 
1729 1745 17.35 172 2219 
28.04 1682 16.56 1718 12.76 
043 0.66 . 063 0.77 052 
525 12.31 1287 11.5 942 
0 06 0.08 012 0.11 005 
0.10 0.04 0.06 004 009 
884 9.04 8 91 8.76 9 06 
024 005 012 013 
0 005 004 0 
1.14 124 095 075 
0.02 0.01 003 002 
3.41 338 346 377 
048 052 04 032 
0 0 001 0 
95.42 94 51 94.61 9359 9498 
541 5609 5615 5642 5 828 
0.18 0.097 0091 0119 0065 
2 59 2 391 2.385 2358 2172 
066 0725 0701 0746 1 623 
3 74 2 131 2089 2201 1 548 
006 0084 008 0099 0063 
125 2779 2896 2.626 2 037 
001 0.014 0019 0019 0 007 
003 0.01 0017 0 012 0 025 
1.80 1.748 1 715 1.712 1 678 
0027 0006 0013 0014 
0 0003 0002 0 
0546 0591 0458 0346 
0005 0002 0008 0004 
3449 3407 3533 365 
15.73 15615 15617 15549 15.06 
5 89 5 843 5863 5.804 5351 
183 1 772 1.755 1.745 1.709 
025 0566 0 581 0 544 0568 
THRW1 THRWS THRWS 
bloAE1 b10AD3 b10AD2 
420 339 338 
CSL CSL CSL 
3793 35 69 3565 
082 1 66 161 
1708 1665 1689 
15 78 21 91 2169 
0 58 0 52 0.59 
12 88 945 94 
0 07 015 006 
006 004 005 
9 58 92 949 
0.09 01 006 
0 012 0.1 
1 oaf 038 042 
003 004 002 
' 3 48 369 368 
0 45 0.16 018 
001 001 0 
9487 9549 95 59 
5 697 5 515 5 504 
0093 0.193 0187 
2303 2485 2 496 
072 0.548 0577 
1 981 2 832 2 801 
0 074 0068 0.077 
2 883 2177 2164 
0 011 0025 001 
0018 0013 0015 
1.835 1.813 1.87 
001 0 011 0007 
0 0007 0006 
0512 0183 0206 
0007 001 0004 
3481 3807 379 
15 625 15.687 15714 
5 761 5829 5 813 
1864 1859 1 901 




















































































Table A7: Microprobe analyses - chlorite 
samnle THAWS THAWS THAWS THAWS THAWS TH247-74 5£ TH247-7451 TH247-74 5C TH247-322 TH247-322 
mineral ch1AD1 chlAD1 chlAD2 chlAD3 chlAD4 ch1AF1 chlAF1 chlAF1 chlAK1 chlAK2 
analv..is no. 343 344 347 349 354 493 494 495 467 468 
lab: CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL 
lwt%1 
S102 25.53 2616 2763 25 8B 27.51 26.02 25 DB 2789 27.96 26 24 
Ti02 0.07 009 0.11 0.06 0.16 0.06 0 04 0.04 0.04 o 
Al203 20.36 2062 16.07 20.45 17.66 1924 19 86 17.03 22 04 21.95 
FeO 29.12 29.41 29.24 28.39 28.92 3061 29.76 29.43 98 10.07 
MnO 
' 
1.08 1.11 0.83 1.13 0.74 1.84 1 97 0.97 1.18 1.01 
MnO 12.14 12 12.87 12.87 13.58 10 62 10 1254 24.95 25.6 
cao 0.05 0.1 008 0.02 0.16 002 O.OB 0.03 0.04 0 
Na20 0.02 0.01 0 0.01 0.01 0.02 0.02 0.04 0 0 
K20 0.01 o 019 0.01 026 0.03 0.05 004 o 001 
ZnO 004 0.15 0.07 0 01 0.03 0.11 006 003 022 0.23 
H201cl 11.19 11.36 11 31 11.3 11 3 11.08 10.87 11.15 12.12 12.24 
Sum Oxides I% 8B.3B 89.5 89.02 88.82 89 88.46 86 86 88.01 86.01 86.88 
#cations: calculated on the basis of 28 O"''"ens 
SI 5.473 5.526 5 861 5 493 5.84 5 637 5531 5 999 5 532 5.534 
Ti 0 011 0.014 0.017 o 01 0.026 0009 0.006 0.006 0007 o 
Al 141 2.527 2.474 2.139 2.507 2.16 2.363 2.469 2 001 2.468 2.466 
All61 2 617 2.659 2 381 2.608 2.257 2.549 2.693 2 315 2.671 2.602 
Fe2+ 5 221 5.195 5.188 5.038 5.134 5.544 5.49 5 293 1.622 1 651 
Mn2+ 0.196 0.198 0.149 0.203 0.133 0.337 0.369 0.177 0.198 0168 
Mn 3.878 3.778 4.071 407 4 296 3 427 3.286 4.021 7356 7.477 
Ca 0011 0.022 0.019 0.006 0.037 0.005 0.018 0.006 0.008 0 
Na 0.007 0003 o 0004 0 005 0.009 0.007 0015 o 0 
K 0.002 0 0.052 0.004 0.07 0.008 0.014 0.012 0001 0.002 
Zn 0.006 0.024 0.011 0.001 0005 0.018 0 009 0.004 o 032 o 034 
OH 16 16 16 16 16 16 16 16 16 16 
Sum cations 19 94 19.89 19.836 19.936 19 888 19.889 19871 19.822 19.894 19.932 
Y-nosit1on t61 11.94 11.89 11.836 11.936 11 888 11 889 11 871 11.822 11.894 11 932 
XMn 0426 0.421 0 44 0.447 0.456 0.382 0 374 0.432 0 819 0 819 
Q)O 
TH247-322 TH247-361 TH247-361.~ TH247-361 TH247-361: 
chlAK3 chlAL1 chlAL2 chlAL3 chlAL4 
469 473 474 476 478 
CSL CSL CSL CSL CSL 
266 32 66 32.62 33.2 33.7 
o 06 004 0.01 0.05 0.03 
22.03 18.34 1829 17.13 16.19 
9.69 1.91 201 3.53 3 25 
1.1 0.14 0.09 0.12 0.12 
25.69 34.06 33.48 33.18 33.18 
003 0.01 0 06 0.06 0.03 
0.01 0.01 0.01 0 0 
0.02 003 0.03 o 0.11 
0.11 004 0.12 0.47 0.14 
12.34 12 88 12 8 12.82 12.73 
87.43 87.2 86.6 87.27 86.61 
5.562 6.081 6.112 621 6.352 
0008 0.006 0.001 0007 0005 
2 438 1.919 1.886 1.79 1 648 
2.609 2.106 2.151 1.968 1.95 
1.576 0298 0 316 0.552 0.513 
-0.181 0.022 0.015 0 019 0019 
7.504 9.454 9.35 9.251 9.32 
0.007 0.003 0.012 0.012 0.006 
0.005 0.004 0 004 0 0 
0 004 0.008 0.007 o 0 026 
0016 0.005 0017 0.064 0019 
16 16 16 16 16 
19.901 19 894 19.862 19 893 19.832 
11.901 11.894 11 862 11.893 11.832 
0826 0 969 0967 0944 0 948 
TH247-98 81 TH247-988< TH247-9881 
chlAV1 chlAV1 chlAV1 
380 381 382 
CSL CSL CSL 
27 35 27.25 27.11 
0.06 0.06 0.03 
19.26 19.56 19.8 
23 41 23.59 23 96 
0 88 084 097 
16.68 16.86 16.65 
002 0.02 0 
0.02 0 0.01 
0 0.02 0.02 
0.15 0.08 0 
11 52 11.55 11 56 
87 88 88 2 88.55 
5 694 5.66 5.624 
o 01 0 009 0.005 
. 2.306 234 2.376 
2.42 2.447 2.465 
4.076 4.097 4.157 
0.156 0.148 0.17 
524 5.218 5.149 
0.004 0.004 0 
0006 0 0.002 
0.001 0.005 0.005 
0.023 0.012 0 
16 16 16 
19.929 19.935 19.946 
11 929 11.935 11.946 


































































Table A7: Microprobe analyses - chlorite 
samole, TH247-98 BdTH247-98 BC TH247-9881 TH247-1691 TH247-169 I TH247-169 I TH247-169 E TH247-169 E TI-1247-169 ! TH247-169 I 
mineral chlAV1 ch1AV1 ch1AV1 ch1AW1 ch1AW2 ch1AW3 chlAW4 chlAW5 chlAW6 chlAW7 
analvs1s no 385 386 387 398 399 400 415 416 417 418 
lab: CSL CSL CSL CSL csi,. CSL CSL CSL CSL CSL 
fwt%1 
S102 26.93 28.01 27.61 26.7 27.35 27.98 26.59 26.47 2672 2706 
TI02 004 0.06 0 03 004 0 0 05 0.02 0.07 0.03 004 
Al203 19.75 17.31 17.99 22.72 23.42 21.78 23.44 23.39 2251 22.35 
FeO 24.46 24.78 25.83 14.84 15.4 16 51 1511 15.05 16 01 15.78 
MnO 099 1 1.22 0 95 1.05 0.78 1.03 1.14 1.03 1.05 
Mao 16.25 16.31 15.25 21.61 22.15 20.5 21 5 21.77 21.09 21.68 
cao 0.02 0.02 0.04 0.03 0.02 0,01 0.01 0.01 0.02 0 
Na20 0 0.02 0 0.02 0.01 0.02 0 0 0 0 
1<20 0 0.01 0 01 0 0 0.02 0.01 0 0 0 
ZnO 0.06 008 001 0.19 0.17 0.14 021 03 0.11 024 
H20fc\ 11.51 11.37 11.35 11.93 12.26 11 97 12.03 1205 11.91 12 02 
Sum Oxides f% 88.44 87.52 8798 86.91 89.4 87.65 87.71 87.9 87.41 87.96 
#cations: 
S1 5 61 5 91 5.834 5.369 5 354 5 607 5.304 5.27 5.38 5 402 
n 0.006 0009 0 005 0.006 0.001 0.008 0.003 0.011 0004 0.006 
Al f41 2 39 2.09 2.166 2 631 2 646 2 393 2 696 2.73 2 62 2.598 
Alf61 2.459 2.216 2 316 2.753 2.757 2.752 2.813 2 759 2.721 2 66 
Fe2+ 4.261 4.373 4.566 2.496 2.521 2.767 2.52 2 507 2 695 2.633 
Mn2+ 0.175 0.179 0 219 0.162 0.174 0.133 0.175 0192 0.176 0.177 
Ma 5045 5.131 4 802 6.475 6.46 6.124 6.393 6 46 6.329 6.451 
Ca 0.005 0004 0.008 0.007 0.004 0.002 0.001 0001 0 003 0001 
Na 0 0007 0 0009 0.004 0.007 0002 0 0 0 
K 0 0.002 0002 0 0.001 0.006 0.001 0 0 0 
Zn 0.009 0012 0.002 0029 0.025 0.021 0 031 0.045 0.017 0036 
OH 16 16 16 16 16 16 16 16 16 16 
Sum cations 19.96 19 924 19.918 19.928 19 942 19 807 19.936 19.975 19.945 19 964 
Y-oos1tion f61 11.96 11.924 11.918 11.928 11.942 11.807 11.936 11.975 11.945 11 964 
XMa 0.542 054 0.513 0722 0.719 0.689 0717 0.72 0.701 0.71 
Cll' 
TH247-219 TH247-219 TI-1247-219 TH247-219 TH247-219 
chlAX1 chlAX1 chlAX1 chlAX2 chlAX3 
300 301 302 315 318 
CSL CSL CSL CSL CSL 
2794 27.68 27.56 29.6 291 
0.04 0.03 0.07 0.08 0.02 
23.6 2339 23.64 22 42 23 06 
9.38 934 9.2 9.18 9.2 
0.54 0.7 0.78 0.7 061 
2605 25.65 25.76 25.8 27.31 
0.03 0.04 0 0 04 0.02 
0 0 0.01 0.02 0 01 
0.01 0.03 0 0.77 0.03 
0.25 0.29 0.14 0.09 ' 03 
1242 12.31 12 33 12.53 12 69 
87.59 86 86 87.02 88.61 89 36 
5394 5.395 5.363 5665 5.498 
0.006 0.005 0.011 0012 0.003 
2.606 2605 2.637 2 335 2.502 
2 765 2.767 2.785 2.723 2.633 
1.515 1.523 1.497 1 469 1.454 
0088 0.115 0.128 0.113 0097 
7.496 7.449 7.472 7.36 7693 
0.006 0 009 0 0.008 0.003 
0 0.001 0002 0.007 0 005 
0.002 0 008 0 0188 0.006 
0.036 0041 002 0013 0.042 
16 16 16 16 16 
19.912 19.909 19 913 19.698 19925 
11.912 11.909 11.913 11 698 11.925 
0.832 0.83 0833 0.834 0.841 
TH247-219 TH247-2381 TH247-238 I 
ch1AX4 chlAY1 ch1AY2 
321 506 509 
CSL CSL CSL 
28 99 29.34 30.46 
0.04 0 04 01 
22 64 21.4 202 
8.96 10.24 109 
0.77 0.66 0.44 
26 47 25.98 25 76 
0 0.01 0.05 
0.05 0 0.02 
0.17 0.02 0.41 
02 023 0.22 
12.5 1239 12.44 
88.09 87.69 88.34 
5561 5.68 5 875 
0 006 0.005 0014 
2.439 2.32 2.125 
2 678 2.564 2.467 
1.437 1.658 1.759 
0.125 0.108 0.072 
7.569 7.499 7 407 
0 0.002 0.01 
0 017 0 0.006 
0041 0 006 0.1 
0028 0 034 0032 
16 16 16 
19.843 19.87 19.761 
11.843 11.87 11.761 


































































Table A7: Microprobe analyses - chlorite 
samole TH247-238 F TH247-2381 TH247-274 I TH247-274 I TH247-274.I TH247-274.E TH247-300 TH247-300 TH247-300 
mineral chlAY3 chJAY3 chlAZ1 chlAZ2 chlAZ3 chlAZ3 chJBA1 chlBA1 chlBA2 
anaJvsis no. 513 514 362 363 364 365 327 328 329 
lab: CSL CSL CSL CSL CSL CSL CSL CSL CSL 
lrwt.%1 
Si02 28.26 281 28.76 28.47 28.39 28.81 29.46 2997 28.89 
Ti02 006 0.04 0.03 0.04 0 04 0.03 0 03 0.05 0.02 
Al203 2323 23 37 22.95 22.84 22.65 2327 21.91 22'.03 23.47 
FeO 10.21 10.73 8.19 8.02 8.13 7.88 7.34 682 6.99 
MnO 0.69 0.71 0.63 0.67 0.58 0.69 029 0.37 0.24 
MnO 25 9 25.68 27.32 27.15 26.68 27.42 28.1 28.67 28.06 
Cao 0.04 0.02 0.03 0.02 0 02 003 0.01 0.02 0 02 
Na20 0.04 0.03 0.01 0 0 0 0.01 0 0 
K20 O.Ql 0.01 0 0.01 0.01 0.01 0.05 0.04 0.01 
ZnO 025 0.23 0.14 0.26 0.27 0.24 002 0.19 0.19 
H20fc\ 12.48 12.48 12.54 12.45 12.35 12.6 12.51 12.67 12.62 
Sum0xldesf% 88.44 8869 87.92 87.22 86.5 88.14 87.2 87.97 87.7 
It cations: 
SI 5.431 5402 5.501 5 484 5.514 5 484 5.649 5675 5.49 
Ti 0009 0 006 0005 0006 0.006 0 005 0.004 0 006 0.003 
Al r41 2.569 2 598 2.499 2 516 2.486 2 516 2.351 2.325 2.51 
Al 161 2 694 2.696 2.674 2.67 2.699 2.706 2.601 2.591 2.746 
Fe2+ 1.641 1.726 1.31 1.292 1.32 1.255 1.176 1.079 1 11 
Mn2+ 0.113 0.116 0102 0.11 0095 0.11 0.046 0 059 0.038 
Mn 7.42 7357 7.789 7_795 7.725 7.781 8.03 8 09 7 948 
Ca 0.008 0004 0005 0005 0.004 0007 0002 0 004 0 004 
Na 0.015 0.01 0.005 0 0 0 0.002 0 0 
K 0.001 0004 0 001 0.002 0.001 0.003 0.012 001 0003 
Zn 0.035 0 033 0 02 0.037 0.038 0034 0 003 0026 0.027 
OH 16 16 16 16 16 16 16 16 16 
Sum cations 19.92 19.938 19.905 19.916 19.887 19.898 19 862 19 855 19.876 
Y-nosition 161 11.92 11.938 11.905 11.916 11.887 11.898 11.862 11.855 ·11.876 
XMn 0 819 0.81 0.856 0858 0.854 0.861 0872 0882 0.877 
11)0 
TH247-347 TH247-347 TH247-347 TH247-347 TH62C-141 
chlBB1 chlBB1 chlBB2 ch1BB3 chlA1 
428 429 430 435 17 
CSL CSL CSL CSL TUB 
30.25 31 04 3082 30.89 23.89 
0.03 004 0.05 0.02 0.04 
21.67 2008 20 51 20.36 20.61 
4.78 4.78 4.8 4.91 35 56 
0.46 0.55 042 0.53 0.74 
306 30 32 30 29 30 65 7.10 
0 0.04 0.03 0 0.01 
0 0 0.01 0 0.00 
0 0.13 0.02 0.01 0.00 
0.19 0.1 0 05 021 
12.76 1264 12.64 12 7 
87.79 86.98 8695 87.37 67.95 
5.685 5.893 5.847 5 836 5 34 
0 004 0 006 0.007 0 003 0.00 
2 315 2.107 2.153 2.164 2.66 
2 484 2 385 2 434 2.369 2.78 
d.751 0.759 0.762 0.775 6.64 
0.074 0.089 0068 0.086 0.14 
8.572 8.578 8.565 8 63 2.36 
0 0.008 0.006 0 0.00 
0 0 0.003 0 0 00 
0 0.031 0 005 0.002 0.00 
0.027 0.014 0.007 0.03 
16 16 16 16 
19.912 19.839 19.849 19.893 19 92 
11.912 11.839 11.849 11.893 11.92 
0.919 0 919 0.918 0 918 026 
TH62C-141 TH62C-141 TH62C-141 
chlA1 chlA1 chlA2 
18 19 25 
TUB TUB TUB 
24.01 23.69 24.02 
0.07 0 06 0 07 
20.14 20.52 20 41 
35.54 3594 36.03 
0.70 0.78 0.73 
7.45 6.90 7.27 
0.00 001 0.02 
0.00 - 0.03 0.00 
0.02 0.00 0 03 
67.93 67.93 88.58 
5 36 5 32 5.34 
0 02 0 01 0.02 
2.64 2.68 2.66 
2.68 2.74 2.70 
6.64 6.74 6.70 
0.14 0.15 0.14 
2.48 2.31 2.42 
0.00 0.00 0.00 
0 00 0 01 0.00 
OOO 0.00 0.00 
19.96 19.97 19 98 
11.94 11 94 11 96 
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Table A7: Microprobe analyses - chlorite 
samnle TH85A-383 TH85A-383 TH85A-383 TH85A-383 TH85A-383 TH85A-383 TH85A·383 TH85A-383 TH85A-383 
mineral chlB2 chlB2 chlB2 ch1B2 chlB3 chlB4 chlB4 chlB5 chlB6 
analvsis no. 37 38 39 40 41 50 51 56 57 
lab: TUB TUB TUB TUB TUB TUB TUB TUB TUB 
lrwt.%1 
Si02 25.24 25 36 25.48 2527 24.29 24 71 24 74 24.91 2492 
T102 0 03 004 006 0.00 0.04 0.07 0.06 0.06 0.02 
Al203 22.36 21 83 21.91 22.61 21.76 22.77 21.85 21 87 22.33 
FeO 22.12 2201 2497 23 29 23 81 23 30 24.18 2454 2322 
MnO 069 0.65 0.61 0.56 0.55 0 61 0 68 0 63 0 58 
Mao 16.87 17.27 15.56 15.85 15.21 15.83 15.22 14.78 16.16 
Cao 0.01 001 OOO 002 0.00 002 0.03 0.02 0.03 
Na20 0.01 0.02 OOO 0.01 0.00 OOO 0.00 0.00 0.01 
K20 0.00 0.00 0.01 0.01 0.03 0.00 0.00 0.00 o.oo 
ZnO 
H201cl 
Sum OXJdes •% 87.33 87.19 88 60 8762 85.69 87.31 86.76 86 81 8727 
#cations: 
Si 526 5 30 5.30 528 5.22 5.18 5.26 5.30 524 
n OOO OOO 0.00 OOO 0.00 0.02 0 02 0 00 0.00 
Al 141 2.74 2.70 2 70 2.72 2.78 2 82 2.74 270 276 
Al 161 2 76 2.66 2.68 284 2.74 2.82 2.74 2.78 2.76 
Fe2+ 3.86 3 84 4.36 4.06 4.28 410 4.30 4.36 4 08 
Mn2+ 0.12 0.12 0.10 010 0.10 0.10 0.12 0.12 010 
Mn 5.24 5.38 4 84 4.94 4.88 4.96 4 82 466 5 06 
Ca 0.00 0.00 0.00 0.00 OOO 0.00 0 00 OOO 0.00 
Na 0.00 0.00 0.00 0.00 0.00 OOO 0.00 0.00 OOO 
K 0.00 0.00 OOO 0.00 0.00 0.00 0.00 0.00 0.00 
Zn 
OH 
Sum cations 19.98 2002 19 98 1994 20.00 20 00 20.00 19 94 20.00 
Y-nos1tion r6l 11.98 12 02 11.98 11 94 12.00 11.98 11.98 11.94 1200 
XMn 0.58 058 0.53 0 55 053 055 053 0.52 0 55 
(j)D 
TH85A-383 TH85A-383 TH85A-383 TH471 -159 TH471 -159 TH471-159 
chlB7 chlB8 chlB9 chlC1 chlC1 chlC2 
58 59 60 83 84 89 
TUB TUB TUB TUB TUB TUB 
25 51 25.48 24.97 27 25 27.67 27.57 
0.06 0.08 ' 0.06 0.22 013 0.12 
22 54 22 83 22.42 22.34 21 91 22.16 
22.15 22 37 2438 13.74 13.81 12.28 
058 059 0.57 0.74 0.79 0.79 
17.19 17.10 14.70 22.78 22.93 23 99 
OOO 0.00 0.00 0.01 0.01 0.00 
0.01 0.00 0.01 0.00 0.00 0.02 
0.00 0.00 0.01 0.01 004 0.07 
88 04 88 45 8712 87.09 87.29 87.00 
5.26 524 5.28 5.44 5 50 5.46 
OOO 0.02 0.00 0.04 0.02 002 
2.74 2.76 2.72 2.56 2.50 2.54 
2.74 2.78 2.86 2.70 2 64 2 64 
3.82 3.84 4.30 2 30 2.30 2.04 
010 0.10 010 0.12 014 0.14 
5.30 524 4.64 6.78 680 708 
0.00 0.00 OOO 0 00 o.oo 0.00 
OOO OOO OOO 0 00 0.00 0.00 
0.00 OOO OOO 0.00 0.02 0.02 
19.96 19 98 1990 19.94 19.92 19.94 
11.96 11.96 11.90 11.90 11.88 11.90 
0.58 0 58 0.52 0.75 0.75 0 78 
TH471 -104 TH471 -104 TH471 -104 
chlD1 chlD2 chlD3 
157 158 163 
TUB TUB TUB 
24.86 25.80 25.24 
0.06 0.09 0.05 
22.64 21 89 2221 
2115 21 99 2086 
0.79 0.69 0.63 
16 92 16.92 17.32 
001 0.00 0.00 
0.00 0.02 0.01 
OOO 0.00 0.00 
86.44 87 40 86.32 
5.22 5.37 529 
001 0.01 0.01 
2.78 2.63 2.71 
2.82 273 2.77 
3.71 382 3.66 
0.14 0.12 0.11 
5.29 5.24 5.41 
0.00 0.00 0 00 
0.00 0.01 0 00 
0.00 0.00 0.00 
19.97 19.94 19.96 
11 96 11 92 11 95 


























































Table A7: Microprobe analyses - chlorite 
samola TH471·104 TH471 -104 TH471-104 TH471 -104 TH471 -104 TH394-262 
mineral chlD5 chlD6 chlD7 chlD8 chlD9 chlE1 
analvsis no. 166 188 190 191 195 210 
lab: TUB TUB TUB TUB TUB TUB 
rwt.%1 
Si02 25.26 24.81 25 68 27.12 26.63 2462 
Ti02 004 003 004 0.05 0.01 004 
Al203 21.74 21.77 22 30 21.08 2118 22.81 
FaO 24.90 22.31 21.72 22 92 20.98 24.04 
MnO 0.58 0.50 0.62 0·50 0.62 0.86 
MaO 14.79 16.15 16.87 15.10 17.71 15.03 
cao 0.00 0.01 0 03 002 0.04 0.02 
Na20 0 00 002 002 0.03 0 DO 0.05 
K20 OOO 003 0.00 1.20 0.01 0.02 
ZnO 
H201cl 
Sum Oxides 1% 87.31 85.62 8729 88.01 8'1.18 87.48 
#cations: 
Si 5.34 529 5.34 565 5.51 5.19 
TI 001 0.01 0.01 001 0.00 0 01 
Al 141 2.66 2.71 2.66 2.35 2.49 2 81 
Al 161 2.76 276 280 2.82 2.68 2.85 
Fa2+ 4.41 398 3.78 3 99 3.63 4.23 
Mn2+ 010 0.09 0.11 0.09 0.11 0.15 
Ma 4.66 513 523 4.69 5.47 4.72 
Ca 0.00 OOO 0.01 0.00 0 01 0.00 
Na 0.00 001 0.01 0.01 OOO 0.02 
K 0.00 001 OOO 0.32 0.00 0.01 
Zn 
OH 
Sum cations 1994 19.98 19.93 19 92 1990 19.99 
Y-oos1tion r61 11.93 11.96 11.91 11 58 11.89 11.96 
XMo 0.51 056 0 58 0 54 0.60 0 53 
TH394-262 TH394-262 TH394-262 TH394-262 
chlE2 chlE3 ch1E4 chlE5 
211 212 213 214 
TUB TUB TUB TUB 
24 71 ·24.92 24.15 24 79 
007 0.04 0.03 0 02 
22.90 22 52 23 06 2212 
24.12 23.50 24.09 24 95 
0.83 0.77 0.78 086 
14.88 15.55 14 47 14.33 
OOO 001 0.00 0.00 
0.01 O OD 002 0.00 
0.06 0 00 0.04 0.01 
87.60 87.31 86 65 87.09 
5.20 5.24 5.14 527 
001 001 001 0 DO 
280 276 2 86 2.73 
2.87 282 2.93 2 81 
4.24 4.13 4.29 4.44 
0.15 0.14 014 0.15 
4.67 4.87 459 4.54 
0 00 0.00 OOO 0.00 
0 00 0 00 001 0.00 
002 0.00 0.01 0 00 
19.96 19.97 19 97 19 95 
11.93 11.96 11 95 11.95 
0.52 0.54 0 52 0 51 
0' 
TH40-67 0 TH40-67 0 TH40-67.0 
chlF1 chlF2 chlF3 
277 278 268 
TUB TUB TUB 
24.20 24 60 29.47 
0.02 0.11 008 
1970 20.37 15.60 
32.54 32 83 29.02 
1 06 1.06 0.65 
9.42 9.15 10.99 
0.05 0.13 0.44 
003 0.01 0 05 
0.00 0.00 0.04 
87.03 8826 86.34 
5.40 5.40 6.43 
0.00 002 001 
2 60 260 1.57 
2 58 2.67 244 
6.07 6.03 5.29 
0.20 020 012 
3.13 2.99 357 
001 0 03 0.10 
001 0.00 0.02 
OOO 0.00 0.01 
20 01 19.95 19 57 
11.98 11.90 11.42 


























































Table AS: Microprobe analyses - muscovite 
samnla THRWS THAWS THAWS THAWS THAWS THAWS THAW1 THRW1 TH247-74 S( TH247-745( TH247-74 S< TH247-745< TH247-1361 TH247-1361 TH247-1361 TH247"'322 TI-1247-322 TH247-322 TH247-S77< TH247-577< TH247-98 B TH247-98 BC TH247-9B 8( TH247-9BBC TH247-169 
mineral musAD1 musAD1 musAD2 musAD3 musADS musAD6 musAE1 musAE2 musAF1 musAF1 musAF2 musAF3 musAG1 musAG2 musAG3 musAK1 musAK2 musAKS musAU2 musAU3 musAV1 musAV6 musAV7 musAV8 musAW2 
anah1s1s no 335 336 340 342 351 353 421 422 485 486 487 489 445 446 447 458 460 463 455 456 371 393 394 395 403 
lab CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL 
llwt'/ol 
Sl02 4919 4931 4878 4956 489 4857 4627 4917 5049 4896 49 84 49.74 4745 4901 4604 4854 4903 4647 4992 4896 4942 485 4757 45 63 49.31 
TI02 071 021 02 023 027 022 033 017 06 059 058 056 025 019 024 043 047 046 072 061 0.33 032 04 032 023 
Al203 30.99 3229 3198 31 82 3111 3081 3082 3436 3145 31.02 332 32.98 3184 34.19 3094 3428 3505 3333 33.7 31 55 33.4 336 31.75 3791 32.15 
FeO 516 4 82 535 491 56 588 6 215 323 3.77 359 3 81 432 2 52 407 221 1-78 167 2 53 24 352 3.16 4 86 254 215 
MnO 004 008 006 004 003 002 019 001 0 0.08 009 0.14 013 008 015 004 0.09 003 007 005 008 002 021 007 003 
Mao 1.81 16 1 81 1.79 181 193 3 95 1.49 1 58 174 172 1 85 423 226 4 333 1.58 1.77 1 84 1.97 2.09 172 334 17 2 81 
cao 005 0 003 0 011 001 001 003 004 003 0 0 02 002 0 003 004 0.04 002 002 005 0 0 004 012 006 
Na20 0.17 018 019 021 0.17 014 017 022 089 028 024 024 023 024 022 034 03 035 024 026 026 028 028 069 028 
K20 861 855 951 946 899 857 872 9 02 872 905 832 837 975 987 99 806 695 978 92 9 39 901 962 88 873 95 
ZnO 007 0 005 0 005 007 005 0 005 0 0 002 007 008 0 004 0 009 001 007 0 05 005 0 003 0 
Bao 0.14 012 014 004 017 012 002 007 015 0.19 02 029 019 028 021 072 0.86 0.87 022 02 02 023 019 015 04 
F 028 025 036 021 016 017 044 022 03 023 052 0 33 038 019 031 006 0 006 029 034 024 022 043 018 064 
Cl 001 002 0 0 0 0 001 0 021 0.12 003 002 0 001 0.01 0 001 001 0 001 0 0 002 0 0.01 
H201cl 4 42 4.46 441 45 447 443 427 451 441 4.37 4 39 448 441 457 43 463 4.66 443 454 4 36 4 54 449 434 454 428 
0-F 0.12 011 015 009 007 007 018 009 012 01 022 0 14 016 008 013 002 0 003 0.12 014 01 009 018 008 027 
O=CI 0 0 0 0 0 0 0 0 005 003 001 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
SumOxldesf'/o 9694 9716 981 9806 9721 9634 9653 9669 97.2 95.71 9778 98 02 9848 9872 95 8 9803 9a15 9484 9847 95 51 9836 97 5 9744 9789 9692 
#cations: calculated on the basis of 22 o vaens 
SI 6476 645 6389 6459 6453 6458 6193 6386 6569 6504 6.431 6422 6206 6306 6204 6245 6307 6249 6 399 6488 6373 6328 6264 5.907 6443 
TI 0071 0021 0019 0023 0027 0 022 0 033 0016 0059 0059 0056 0054 0025 0018 0025 0041 0046 0046 007 0061 0032 0031 0 039 0031 0022 
Al141 1524 155 1611 1 541 1.547 1542 1 807 1614 1431 1496 1.569 1.578 1 794 1694 1 796 1.755 1.693 1 751 1601 1 512 1.627 1 672 1736 2.093 1557 
Alf61 3285 3428 3325 3347 3291 3286 3055 3646 339 3361 3479 344 3116 3491 3116 3444 3619 3531 349 3415 3448 3494 3191 3692 3394 
Fe2+ 0569 0527 0586 0536 0618 0 653 0.672 0234 0352 0419 0387 0411 0.472 0272 0459 0238 0191 0188 0271 0266 038 0345 0535 0275 0235 
Mn2+ 0005 0009 0006 0004 0003 0002 0021 0001 0 0 009 0009 0015 0014 0008 0017 0005 ()01 0003 0.008 0006 0009 0002 0023 0007 0004 
Ma 0.355 0313 0353 0348 0356 0382 0788 0288 0306 0345 0331 0357 0 825 0433 0804 0638 0303 0 354 0 352 0389 0.401 0334 0655 0328 0548 
Ca 0.007 0 0004 0 0015 0002 0001 0004 0006 0004 0 0003 0 003 0001 0004 0005 0006 0003 0002 0007 0 0 0005 0017 0009 
Na 0044 0-045 0048 0054 0043 0037 0045 0056 0224 0071 006 0059 0059 0059 0058 0086 0076 0092 0 059 0067 0065 0072 007 0.174 0071 
K 1446 1427 1 588 1573 1512 1454 1.489 1495 1447 1.534 137 1 378 1 627 1619 1701 1322 1469 1677 1 504 1586 1 482 16 1479 1441 1583 
Zn 0007 0 0005 0 0005 0.007 0005 0 0.005 0 0 0001 0 006 0008 0 0003 0 0 009 0 001 0006 0005 0005 0 0003 0 
Ba 0007 0006 0007 0002 0009 0 006 0001 0004 0008 0 01 001 0015 001 0014 0011 0036 0043 0046 0011 0 01 001 0012 001 0007 002 
F 0.115 0103 0.149 0088 0.066 0 073 0184 0089 0.122 0097 0213 0.136 0156 0079 0134 0024 0002 U028 0.117 0141 0096 0089 0.181 0075 0265 
Cl 0003 0004 0 0 0 0 0003 0 0047 0 026 0006 0004 0 0002 0003 0 0001 0 003 0 0003 0001 0001 0004 0 0003 
OH 3883 3.893 3851 3912 3933 3927 3812 3 91 3831 3876 3781 3 86 3844 3919 3863 3976 3997 3 969 3 883 3855 3903 391 3816 3 925 3732 
Sum caUons 1391 1388 1409 1398 13.95 1392 1430 13 83 "'" 13 97 13Q4 1392 13 87 14.:f1 1400 14 33 1384 1377 1398 1389 1396 1393 1399 1419 1405 1415 
Y-nosltlon 161 429 4 30 429 426 430 435 457 419 4.11 4.19 426 4.28 446 423 442 4 37 4.17 413 419 4.14 428 421 4 44 434 420 
X-ooslllon 1121 151 1.48 1 65 163 1 58 1 50 154 156 168 1 62 1.44 1.46 170 169 177 1.45 159 1 82 1 58 167 156 1 68 1.56 1.64 168 
XMa 0.38 037 038 039 037 037 054 0 55 047 045 046 047 064 061 064 073 0 61 0 65 057 059 051 049 055 054 070 
Table AS: Microprobe analyses - muscovite 
samola TH247·169! TH247-169 TH247-1691 TH247-219 TH247-219 TH247-219 TH247·219 TH247-219 TH247-219 TH247-219 TH247-2381 TH247-2381 TH247-238 I TH247-2381 TH247-238! TH247·2381 TH247-274 TH247-274 I TH247-300 TH247-:JOO TH247-300 TH247-:JOO TH247-347 TH247-347 TH247-347 
mineral musAW3 musAW4 musAW8 musAX1 musAX2 musAX3 musAX4 musAX5 musAX6 musAX9 musAY1 musAY1 musAY1 musAY3 musAY5 musAY6 musAZ1 musAZ2 musBA1 musBA2 musBA3 musBA4 musBB1 musBB2 musBB3 
analvsls no. 405 410 414 306 307 308 312 313 314 324 496 497 503 499 501 502 369 370 331 332 333 334 431 432 436 
lab: CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL CSL 
lfw1%1 
Sl02 4808 4716 4731 4534 4818 50.23 4734 44 73 448 4776 4907 4859 4842 4923 4827 4849 4647 4392 5272 4921 4973 48 69 4951 5046 4931 
TI02 0.24 028 024 0.41 022 031 037 031 0.28 029 046 052 052 045 049 056 02 021 021 022 026 0.21 03 03 0.4 
Al203 3637 3045 35 28 3142 3672 3375 35.59 3053 3458 36 79 3575 365 36 82 37.2 3502 3659 3076 2896 3306 35 71 36.04 3597 33.44 35.11 3429 
FeO 1 92 5 35 242 33 157 157 1.45 275 1 94 1.45 1.46 1 4 1.49 133 2 03 14 272 312 1.21 163 164 131 107 08 073 
MnO 002 001 008 014 006 0 0 01 003 0 001 002 0 04 0 009 0 01 004 001 004 0 005 0 003 0 
MaO 111 296 1.74 691 1 237 1 35 5 81 1 89 1 06 141 108 1.05 1 03 286 1 07 757 --~58 273 216 163 171 277 2 62 216 
cao 002 0.19 0 0 0 001 0 004 0 002 004 003 0 003 005 0 0 D.01 001 002 001 006 002 003 002 
Na20 093 2.26 062 071 086 046 062 047 069 0 81 07 07 066 092 068 06 033 033 033 035 04 041 0.28 032 033 
K20 884 637 864 863 823 865 8 76 8 85 841 8 99 806 872 884 835 856 909 851 9.74 893 907 975 9 99 939 877 997 
ZnO 002 004 042 004 002 005 0 007 0 0 002 0 004 0 0 012 01 006 001 001 0 0.03 009 004 002 
Bao 06 0.43 056 068 082 0.67 0.78 062 0 83 084 022 032 035 032 0.25 032 1.03 096 053 038 04 05 0.28 0.45 047 
F 016 013 009 057 009 029 01 073 018 016 011 021 014 014 028 005 033 046 0.22 003 0.13 011 056 036 027 
Cl 0 002 0 0 0 001 001 0 0 0 001 0 0 0 0 0 0 0 001 0 0 001 0 001 0 
H201cl 458 4.41 456 427 4 61 4 54 4.53 4 05 433 4.58 4 62 4 58 4 62 467 454 4 66 441 419 468 4.7 468 463 437 457 452 
O=F 007 005 0 04 0.24 004 012 004 0 31 007 007 005 009 006 006 012 002 014 0.19 009 001 005 005 024 0.15 0.12 
O=CI 0 0 0 0 0 0 0 0 Gl 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Sum Oxides 1% 98.15 955 9731 9758 9768 9807 9626 9428 9345 9801 972 97.88 9823 9886 983 9824 97.79 95 93 9975 988 99 86 9893 97.15 9893 97.7 
#cations 
SI 6189 6.322 6171 5991 6.203 6435 6.204 6098 6085 6156 63 6227 6194 6228 6192 6207 6103 5973 6608 6265 6282 6227 6405 6374 6.36 
Ti 0024 0029 0024 0041 0021 003 0037 0032 0028 0028 0.045 0.05 005 0043 0047 0054 002 0022 002 0 021 0025 002 0029 0.029 0039 
All41 1.811 1.678 1.829 2009 1797 1565 1.796 1902 1915 1 844 17 1.773 1806 1772 1 BOB 1.793 1 997 2027 1.392 1735 1718 1773 1595 1626 164 
Al161 3707 3132 3593 2 884 3775 3 531' 3701 3 002 362 3746 3711 3 739 3 745 3772 3488 3727 2 966 2 616 3492 3623 3649 3649 3503 36 3572 
Fe2+ 0206 0.6 0264 0365 0169 0169 0.158 0314 0.221 0156 0.157 015 0159 o 141 0218 015 0298 0354 o 126 0.174 0173 0141 0116 0084 0079 
Mn2+ 0002 0001 0009 0015 0006 0 0 0012 0003 0 0 001 0002 0.004 0 001 0 0()11 0005 0001 o 004 o 0005 0 0003 0 
Mn 0213 0591 0338 I 361 0193 0453 0264 1.18 0382 0204 0271 0207 02 0194 0548 0205 1.482 1739 0509 0.411 0306 0326 0534 0493 0416 
Ca 0002 0027 0 0 0 0001 0 0006 0 0003 0 006 0004 0 0005 0006 0 0 0001 0002 0003 0002 0008 0003 0004 0002 
Na 0.233 0588 0156 0.181 0.214 0.115 0159 0124 0.182 0202 0173 0174 0163 0225 0169 0148 0085 0088 0081 0086 0097 0102 0069 0077 0083 
K 1452 1.09 1438 1454 I 351 1.413 1464 1.539 1457 1.479 132 1425 1442 1 347 1.401 1485 1426 1689 1427 1473 1571 1629 1549 1413 1641 
Zn 0002 0004 0041 0.004 0002 0005 0 0007 0 0 0001 0 0003 0 0 0011 001 0006 0001 0001 0 0003 0008 0004 0001 
Ba 003 0023 0029 0035 0041 0034 004 0033 0044 0042 0011 0016 0 017 0016 0012 0016 0053 0051 0026 0019 002 0025 0014 0022 0024 
F 0066 0055 0035 0239 0037 0118 0042 0316 0076 0064 0044 0084 0 055 0057 0114 002 0135 0198 0 086 0011 0052 0046 0229 0144 0.112 
Cl 0 0.004 0001 0 0 0002 0001 0 0 0001 0002 0 0 001 0001 0 0 0 0 0001 0.001 0 0002 0001 0002 0 
OH 3934 3941 3964 3761 3963 388 3956 3683 '1)'3924 3936 3953 3916 3944 3943 3885 398 3864 3 802 3 913 3988 3947 3952 377 3854 3888 
Sum caUons 13 94 14.14 1393 1458 1381 13 87 1387 1457 1401 13 93 1374 13 85 1384 1380 1401 1382 14.39 1477 1377 1383 1390 1396 14 06 13 88 13 97 
Y-oos1t1on 161 4.15 436 4.27 4 67 417 419 416 455 426 414 419 4.15 416 4.15 431 4.15 469 4 74 4.15 4.23 415 414 419 421 4.11 
X-oosl11on 1121 1.72 1.73 1.62 167 1 61 156 166 170 1 68 1.73 1.51 162 162 1.59 159 165 157 1.83 1.54 1 58 1.69 1.76 1 64 152 175 




Table AB: Microprobe analyses - muscovite 
samole TH247-347 lli247-347 THB5A·383 THBSA-383 lliB5A ·383 lliBSA-383 lli471. 159 lli471-159 TH471·159 ltt471·104 TH471·104 TH471 • 104 TH471·104 ITii471·104 TH471 ·104 TH471-104 1H471·104 1H471-104 1H471·104 1H394-262 1H394-262 1H394·262 1H394 ·262 lli394. 262 
mineral musBB4 musBB5 musB1 musB2 musB3 musB5 musC1 musC2 musC3 musD1 musD2 musD2 mus03 mus04 musD5 musD6 musD7 mus DB musD9 musE1 musE2 musE3 musE4 musE5 
analvs1s no. 437 438 44 43 61 63 130 131 134 168 169 170 180 181 182 183 192 193 194. 215 216 217 220 221 
lab: CSL CSL TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
fw1.%1 
Si02 5034 4924 4873 4805 4723 4863 4738 45 57 4700 46.29 4641 45 63 4759 48 67 4680 4677 4569 4604 48 83 45 88 4526 4550 4651 4558 
no2 033 036 003 0 001 0 049 042 042 021 029 012 OOO 001 010 023 0.11 0.10 003 024 016 029 0.10 011 
A1203 3547 3417 3606 35 63 349 3409 35 02 3502 3538 34 71 34 36 3330 3628 3643 3427 34.03 3295 3463 34.66 3478 3362 33.88 33.79 3419 
FeO 065 088 067 27 365 242 2.26 2.18 202 247 2 46 345 300 1 04 307 304 5 38 335 208 254 350 3.07 2.45 271 
MnO 0 003 01 006 008 0 1 OOO 002 001 0.02 004 0.00 020 006 001 006 006 001 007 OOO 003 0.01 0.04 005 
MnO 201 2.33 003 008 0.31 058 087 080 067 072 074 0.69 151 064 084 092 229 1.33 072 069 080 087 097 0 57 
Cao 0 02 002 0 0.05 004 005 0.00 OOO OOO OOO 003 OOO 005 0.09 OOO o.oo 002 0.00 0.00 OOO OOO 001 OOO 0.00 
Ne20 033 03 002 003 002 0.02 061 081 0 69 093 1.03 096 065 448 072 091 052 084 101 055 056 048 053 064 
K20 922 966 746 1075 10.4 1028 789 999 8 68 999 9.51 8 78 7 35 370 941 903 8.74 1009 9 88 1090 1078 1057 1092 1086 
ZnO 002 0 
BaO 047 037 
F 035 045 
Cl 0 0.01 
H20fcl 457 4.42 
O=F 015 0.19 
0-CI 0 0 
Sum Oxides I% 9886 9736 931 97.35 9664 96.17 9453 9482 94.88 9535 9486 9293 96 64 95.11 9523 94.99 9577 96 39 9729 9558 9471 94.68 95 30 94.71 
#cations: 
Si 6 371 6.361 643 627 624 64 6271 6118 6226 6.183 6215 6.245 6172 6282 6.245 6249 6135 6120 6351 6.146 6156 6163 6243 6.172 
n 0031 0035 0 0 0 0 0049 0043 0042 0021 0029 0012 0000 0.001 0.010 0023 0011 0010 0003 0024 0016 0030 0010 0012 
Alf41 1 629 1639 157 1.73 176 16 1730 1.882 1774 1 817 1785 1 755 1 828 1718 1.755 1.751 1 865 1.880 1 649 1.854 1 845 1 837 1757 1.828 
Alf61 3 661 3564 404 375 368 369 3734 3658 3749 3 648 3638 3 617 3.718 3825 3635 3 608 3348 3545 3665 3.637 3544 3.571 3.588 3627 
Fe2+ 0069 0095 0,07 029 04 027 0251 0.245 0224 0.277 0276 0395 0325 0112 0343 0339 0605 0 373 0226 0.284 0398 0348 0275 0307 
Mn2+ 0 0004 001 0.01 001 001 0.000 0003 0001 0003 0.005 0000 0022 0.006 0001 0 006 0007 0001 0008 0000 0003 0001 0.004 0006 
Mo 0.378 0.449 001 002 006 0.11 0.171 0.161 0132 0.144 0147 0140 0293 0.123 0167 0182 0458 0.264 0.140 0137 0.163 0176 0193 0115 
Ca 0.003 0003 0 001 0 0.01 0000 0.001 0000 0000 0004 0000 0007 0.013 0001 0000 0003 0000 0000 0000 0000 0.002 0.000 0000 
Na 0.081 0075 001 001 001 0 0.157 0210 0176 0241 0267 0254 0163 1.122 0185 0237 0136 0216 0254 0142 0.147 0.125 0138 0169 
K 1.488 1.591 126 1.79 175 1.73 1 332 1.711 1468 1703 1 624 1 532 1216 0.609 1602 1539 1.496 1.710 1.640 1862 1.871 1.826 1870 1.876 
Zn 0002 0 
Ba 0.023 0.019 
F 0.14 0185 mo 
Cl 0 0002 
OH 3.86 3813 
Sumcatmns 1388 1402 1340 1388 1391 13 82 13.69 14 03 1379 1404 1399 1395 1374 13 81 1394 13.94 14.06 14.12 1394 14.09 14.14 14.08 1408 14.11 
Y-ooslllon 161 4.14 4.15 413 407 4.15 408 420 4.11 4.15 409 4.10 4.16 4.36 407 416 4.16 443 419 404 408 4.12 413 407 407 
X-nosiUon 1121 1.60 169 1.27 1 80 1.76 173 1.49 192 1.64 194 1 89 1.79 1 38 173 1.79 1.78 163 193 1 89 200 202 1.95 201 204 
XMn 085 083 0.13 006 013 029 041 040 037 034 035 0.26 047 052 0 33 035 0.43 041 038 033 029 034 041 027 
Table A9: microprobe analyses - garnet 
samnle TH62C-14 TH62C-14 TH62C· 14 TH62C-14 TH62C-14 TH62C-14 TH62C· 14 TH62C-14 TH62C· 14 TH85A·38: TH85A·3B: 
mineral ntA1 ntA1 latA1 latA1 ntA1 latA1 atA1 latA1 latA1 atB1 latB1 
analvslsna 2 3 4 5 6 7 8 9 10 31 32 
location '"m' 101riml 114 193 263 351 527 632 711 820lriml 5lnm 54 
lab: TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
wt.% 
8102 36.55 36.51 3647 3635 36.40 36.31 3658 3684 3732 3721 3699 
no2 004 007 010 020 004 0.08 010 0.14 002 OOO 004 
Al203 20.20 2061 2036 2032 2033 20.82 20.81 2063 2022 2070 21.06 
FeO 2672 28.12 28.30 2902 2802 2805 2848 2844 2677 2250 2227 
MnO 1291 1214 11 87 1237 1229 1192 1215 1217 1333 1611 15.36 
MnO 053 067 063 059 063 0.64 066 064 058 164 1.91 
Cao 2.21 2.11 2.14 192 1.93 179 191 1 89 1 99 185 211 
Na20 007 002 002 003 002 005 0.02 001 001 0.01 004 
1<20 OOO OOO 001 OOO 0.00 0.00 0.00 OOO 001 OOO OOO 
Sum Oxides 1°;. 9923 100.25 9990 100.80 99.66 9966 10071 10076 10025 100.02 99.78 
II cations· calculated on the basis of 12 ownens 
814+ 302 299 3 297 3 298 298 3 3.04 302 3 
TI4+ 0 0 001 001 0 0 001 001 0 0 0 
Alf61 196 1.99 197 1.96 197 202 2 1 98 1.94 198 201 
Fe2+ 1.84 1.92 194 1.99 1.93 1.93 194 1.94 1.83 1 53 1.51 
Mn2+ 0.9 084 083 086 086 083 0 84 084 092 1.11 1 05 
Mn2+ 007 008 OOB 007 008 008 0.08 008 007 02 023 
Ca2+ 02 0.19 019 0.17 0.17 016 017 016 017 0.16 0.18 
Na1+ 001 0 0 0 0 001 0 0 0 0 001 
K1+ 0 0 0 0 0 0 0 0 0 0 0 
Total 8 8 01 802 803 801 801 802 801 797 8 799 
X noslt1on 191 301 303 304 309 304 3 303 302 2 99 3 297 
mo/ oer cent end-members· 
lnvrooe 2 3 3 2 3 3 3 3 2 7 8 
almand1ne 61 63 64 64 63 64 64 64 61 51 51 
snessartlne 30 28 27 28 28 28 28 28 31 37 35 
lnrossular 7 6 6 6 6 5 6 IV' 5 6 5 6 
100 100 100 100 100 100 100 100 100 100 -100 
TH85A-38 TH85A-31< THB5A· 00• TH85A·38 TH85A· 38 TH85A-31< 
latB1 atB1 ntB1 'nlB2 ntB2 lntB2 
33 34 35 45 46 47 
125 170 220lnm 5friml 77 125 
TUB TUB TUB TUB TUB TUB 
37.52 37.06 3686 35.19 35.44 35.53 
005 005 001 0.02 007 0 07 
2081 2083 21.09 2093 2096 20.75 
2249 2245 2214 2265 22 46 22.48 
1604 15 57 1595 16.39 1548 1545 
1 86 1 81 166 1.61 1.96 1 95 
1 82 199 1 85 204 2.13 216 
OOO 003 0.02 002 003 OOO 
OOO 0.00 OOO OOO OOO OOO 
10059 9979 9958 9885 98 53 98.39 
302 301 3 2.92 293 2.94 
0 0 0 0 0 0 
1.98 1 99 202 2.04 204 202 
1.51 152 1.51 1 57 1.55 1.56 
1 09 1 07 1.1 1.15 1 08 1.08 
022 022 02 02 024 0.24 
0.16 017 0.16 018 0.19 0.19 
0 0 0 0 0 0 
0 0 0 0 0 0 
798 7.98 799 8 06 8.03 8 03 
298 298 2 97 3.1 3.06 307 
7 7 7 6 8 8 
51 51 51 51 51 51 
37 36 37 37 35 35 
-5 6 5 6 6 6 
100 100 100 100 100 100 
TH85A-3S: TH85A·3R! TH85A-38 
atB2 latB3 lntB3 
49 52 53 
155fnml 0rnm1 89 
TUB TUB TUB 
3819 3724 3687 
OOO 001 004 
2071 20.58 20.76 
2209 2253 2233 
1634 15 82 1538 
1.47 1 83 184 
2.05 1.97 227 
002 002 003 
OOO OOO OOO 
10087 100.00 9952 
306 302 3 
0 0 0 
196 1.97 199 
1 48 1.53 1 52 
1.11 1 09 1.06 
0.18 022 022 
0.18 017 02 
0 0 001 
0 0 0 
797 8 8 
295 301 3 
6 7 7 
50 51 51 
38 36 35 
6 6 7 


































































Table A9: microprobe analyses - garnet 
samnle TH471 -15< TH471 -15~ TH471 -15! TH471 -15~ TH471-15< TH471-15! TH471 -15~ TH471 -15! TH471 -15! TH471 -15! TH471 -15! 
mineral atG1 atG1 latG1 atG1 latG1 lalG1 lalG1 atG1 lalC1 IQIC2 gtG2 
analvsis no 64 65 66 67 68 69 70 71 72 98 96 
location f,;ml 1orr1rr11 4n 282 141 635 1n 935 1068 12251rim 5(rlml 106 
lab: TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
wt% 
8102 37.38 3724 37.52 3741 38.02 3786 3763 37.37 3669 3559 3666 
T102 004 008 013 001 0.18 008 0 05 005 009 0.10 006 
Al203 2098 21 02 21 03 2107 20.83 21.10 21.14 2097 20.72 21.07 21.19 
FeO 17.96 1570 1691 1820 1510 1554 15 50 16 83 1725 17.15 17.19 
MnO 2040 1891 19 64 1945 2003 19 68 18 48 1933 21.42 2242 1920 
MnO 2.18 5.08 440 3.75 534 499 5 83 438 209 224 394 
Cao 1.32 0 95 080 0.46 0.79 0.82 092 0.76 1.31 0.66 093 
Na20 001 004 OOO OOO 0.02 001 001 0.02 OOO 003 003 
1<20 , 0.04 OOO OOO 001 001 OOO OOO 0 00 OOO 0.02 OOO 
Sum Oxldesfo/. 100.31 9902 10043 10036 10032 10008 9956 99.71 9957 9926 9920 
ii cations 
Sl4+ 3.01 299 2.99 3 301 3.01 2 99 3 299 2.93 296 
Ti4+ 0 0 0.01 0 0.01 0 0 0 001 001 0 00 
Alf6l 1 99 199 197 199 194 1.97 1 98 1 96 1 99 2 04 202 
Fe2+ 1.21 1 05 1.13 122 1 1.03 1 03 1.13 1.18 118 116 
Mn2+ 1.39 1 29 1.33 132 1.34 1.32 1.24 131 1.48 1 56 131 
Mn2+ 0.26 061 052 045 063 059 069 0.52 025 027 047 
Ca2+ 0.11 0.08 007 004 007 0.07 0.08 007 0.11 006 008 
Na1+ 0 001 0 0 0 0 0 0 0 OOO 0.00 
K1+ 0 0 0 0 0 0 0 0 0 OOO OOO 
Total 7.97 802 802 802 8 7.99 8 01 8 01 801 805 802 
X oosllion 181 297 3.03 305 303 3 04 301 304 3 03 302 307 303 
mol ner cent e 
lnvrone 9 20 17 15 21 20 23 17 8 9 16 
almandme 41 35 37 40 33 34 34 mo 37 39 38 38 
snessartlne 47 43 44 44 44 44 41 43 49 51 43 
larossular 4 3 2 1 2 2 3 2 4 2 3 
100 100 100 100 100 100 100 100 100 100 100 
TH471-m TH471-15 TH471-15! TH47t -15 TH471 -15! TH471-15 
!llG2 alC2 alG2 latC3 ntG3 nlC3 
99 100 101 102 103 104 
282 441 590lriml 10frim1 141 177 
TUB TUB TUB TUB TUB TUB 
37.46 37.66 3737 3700 3547 3613 
030 009 008 010 0.18 0.19 
2059 2093 2097 2097 2072 2090 
1628 1758 1738 1711 1668 1668 
1897 1911 2084 21 89 19.12 1913 
4 94 389 196 1.93 4.70 4.81 
0.83 087 1.32 1.14 065 064 
OOO 004 001 001 003 004 
OOO 001 002 0 01 OOO OOO 
9936 100.16 9995 10015 97.75 96.72 
3.00 301 302 300 2.92 293 
0.02 001 001 0.01 001 0.01 
1 95 1.97 200 200 201 200 
1 09 118 117 116 1.15 1.13 
129 129 143 1.50 1.33 1 32 
0.59 046 024 0.23 058 0.58 
007 007 011 010 007 007 
OOO 001 OOO 0.00 OOO 001 
OOO OOO OOO OOO OOO OOO 
8.01 8 00 7.98 8.00 8 07 806 
304 301 295 299 313 311 
19 15 8 8 18 19 
36 39 40 39 37 36 
42 43 48 50 43 42 
2 2 4 3 2 2 
100 100 100 100 100 100 
TH471-15~ TH471 -15 TH471-15 
lnlC3 lotC3 lolC4 
105 106 109 
300 430 lnm 5lnm' 
TUB TUB TUB 
3612 3642 3745 
009 0.13 004 
21.15 21.06 2096 
1636 1761 18.07 
18 89 21.10 20.40 
4 78 1 72 214 
091 1.23 . 1.26 
002 001 OOO 
OOO 001 OOO 
9633 9929 10032 
2 94 296 302 
001 0.01 0.00 
2 03 2.03 1.99 
111 120 122 
1.30 146 1.39 
058 021 026 
008 011 0.11 
OOO OOO OOO 
OOO OOO OOO 
8 05 800 799 
3.07 2 98 298 
19 7 9 
36 40 41 
42 49 47 
3 4 4 


































































Table A9: microprobe analyses - garnet 
samnle TH471-15 TH471-15! TH471 -15! TH471-15! TH471-15! TH471-15 TH471 -15! TH471-15 TH471-15! TH471 -15 TH471 -15! 
mineral lntC4 lntC4 atC4 ntC4 latC4 nlC5 'atC5 latC5 latC6 atC6 latC6 
analus1sno 112 113 114 115 116 135 136 137 138 139 140 
location luml 564 814 956 1115 1320 lorn 5(rlm 60 1151nml 101nm 137 222 
lab. TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
wt% 
S102 3735 3734 37.76 3682 3704 3695 3706 37.30 3746 3749 37.51 
T102 027 022 006 003 009 005 004 0.04 003 008 005 
Al203 2057 2020 2082 2114 2054 2057 2085 2087 21 00 2088 2092 
FeO 1678 15.93 1586 1667 1769 17.45 ' 1807 1781 1767 1802 1783 
MnO 1968 1929 1872 1966 21.21 2125 2054 2101 2061 19.32 1927 
MnO 411 4.96 508 413 208 2.09 2 60 218 201 383 383 
Cao 083 086 089 0.78 124 1.21 045 067 134 047 072 
Na20 003 0.01 OOO OOO OOO 003 002 004 002 003 003 
1<20 001 OOO OOO 001 OOO 001 OOO 003 001 OOO 0.00 
Sum Oxldesl"!. 9964 9880 9920 9924 9989 9962 99.63 9995 100.15 100.12 10015 
It cations 
Si4+ 300 301 302 2 97 301 301 301 302 302 301 300 
T14+ 002 001 0.00 OOO 001 0.00 OOO 0.00 OOO OOO OOO 
Atr61 195 1.92 1 96 2.01 1.97 1.97 1 99 199 200 1 97 1.98 
Fe2+ 113 1.06 1.06 1.13 1 20 1.19 123 121 1.19 1 21 1.19 
Mn2+ 1.34 132 127 1 34 1.46 1.47 141 1 44 141 1 31 1.31 
Mn2+ 049 060 061 050 025 025 031 026 024 046 046 
Ca2+ 007 007 008 0.o7 0.11 0.11 004 006 012 004 006 
Na 1+ OOO OOO 0.00 OOO 0.00 OOO OOO 001 0.00 OOO 0.00 
K1+ OOO OOO OOO OOO OOO OOO OOO OOO OOO OOO OOO 
Total 801 801 800 802 8 00 600 800 7 99 798 8.Q1 601 
X nos1t1on 181 303 306 301 303 3.02 3 01 299 297 296 302 302 
mol ner cent e 
lnurone 16 19 20 16 8 8 11 QJ'9 8 15 15 
almandine 37 35 35 37 40 39 41 41 40 -40 -40 
saessartine 44 43 42 44 48 49 47 49 48 43 43 
larossufar 2 2 3 2 4 4 1 2 4 1 2 
100 100 100 100 100 100 100 100 100 100 100 
TH471 -15! TH471 -15! TH471-15 TH471 -15~ TH471 -15! TH471 -104 
latC6 alC7 ntC7 lntC7 !ntC7 ntD1 
141 142 143 144 145 147 
370lrim 5 (nm) 248 393 645 lriml 51rlml 
TUB TUB TUB TUB TUB TUB 
3696 3733 3762 37.76 3642 3745 
008 009 013 017 006 OOO 
21.06 2089 2079 21.13 21 05 21 04 
1737 17.90 1590 1606 17.95 2059 
2110 2078 1862 1933 2004 18.54 
198 200 5.12 4.71 202 1.58 
124 1.19 095 091 1 41 180 
0 04 OOO 004 o 02 005 OOO 
003 001 OOO 0.00 001 OOO 
9985 10020 99.17 100.09 9900 101 01 
300 3.01 3 01 300 296 3 01 
OOO 001 001 001 OOO OOO 
2 01 1.99 1.96 1 98 203 1.99 
1.18 1.21 1.06 1 07 1.23 138 
145 1.42 1 26 130 1 39 126 
024 024 061 0 56 025 0.19 
011 010 006 008 0.12 015 
001 OOO 001 OOO 001 0.00 
OOO OOO OOO OOO OOO OOO 
6 00 799 800 8 00 801 799 
2 97 297 302 300 299 2.99 
-8 8 20 19 8 6 
40 41 35 36 41 46 
49 48 42 43 46 42 
4 3 3 3 4 5 
100 100 100 100 100 100 
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Table A9: mlcroprobe analyses - garnet 
samole TH471-1Cl• TH471-1!l' TH471-104 TH471 · 104 TH471·10<: TH471 -104 TH471·104 TH471·1Cl' TH471 -10' TH471·104 TH471·10 TH471·104 TH394-26: TH394-26: TH394·26: TH394-26: TH394-26l TH394-26: TH394 -26: TH394-26: TH394-26 TH394-26 
mineral lntD1 ,ntD1 atD1 latD1 lotD2 lotD2 otD2 lotD2 otD2 latD2 atD2 atD2 lalE1 ntE1 lntE1 ntE1 lntE1 atE1 atE1 ntE1 latE1 latE1 
analvs1sna 153 154 155 156 171 187 172 175 176 177 178 179 197 198 199 200 201 202 203 204 205 206 
lacat1on ruml 1632 1904 2200 2205 Cnm 10Crim 15 406 744 963 1318 1555 1820 (nm 5(nml 270 473 811 1217 1656 2028 2400 2805 3245 
lab: TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB TUB 
wt.% 
8102 37.15 36.79 3672 3638 3726 3681 3692 3713 37 46 3735 3753 3753 3706 3687 3691 3718 3708 3696 37.11 3708 3673 37.07 
li02 007 007 004 0 04 011 004 008 008 003 002 OOO 0.04 002 006 006 011 002 003 003 0.08 0.07 006 
Al203 2080 2094 2099 2081 1967 20.85 21 02 20.35 2074 2083 2110 2064 20.52 2055 2061 2067 2093 2089 2076 2072 20.90 2062 
FeO 1970 2020 2013 19.78 2034 19)15 1939 1889 1922 1891 1952 2023 2070 1854 1799 1866 1943 2004 19 64 1911 1794 18.77 
MnO 2034 1932 1902 20.14 1845 1863 1998 2078 2069 20.41 1925 1848 1814 2010 2062 2027 1961 1893 18 96 1925 20.75 1993 
MnO 1.85 190 1.46 1.30 1.71 1 36 178 1 81 1.76 1.71 2.16 1 52 1.58 1 41 144 1.55 1 55 157 155 166 1 45 1.35 
Cao 1.33 1.21 134 1.11 1 89 1 09 1.19 117 1 08 1 03 1.19 1 56 1 99 215 215 223 1.94 201 2 38 2.15 191 2.39 
Na20 OOO OOO OOO OOO 002 001 001 OOO 0 03 OOO 001 001 003 002 OOO 002 OOO 002 0.00 001 002 001 
K20 OOO OOO OOO OOO 001 OOO 001 OOO 0.00 OOO OOO 001 OOO OOO OOO OOO OOO OOO OOO OOO OOO OOO 
Sum Oxides I"/. 10124 10043 9971 9958 9945 9825 100.37 10021 101.00 10028 100.76 100.01 10005 9971 9978 10069 10057 10045 100.44 10006 99.78 10021 
II cations: 
Si4+ 2 99 298 299 298 3 05 303 2 99 3.02 302 3.02 301 304 301 301 301 300 300 299 300 301 2 99 301 
li4+ OOO 0.00 OOO OOO 0.01 OOO OOO OOO OOO 0.00 OOO OOO 0.00 OOO OOO 001 OOO OOO 0.00 001 OOO OOO 
AIT61 197 2.00 2 02 201 1 90 202 2 01 1.95 197 1.99 2 00 1.97 1.97 1.98 1.98 1 97 . 1.99 199 1 98 1 98 2.01 1.97 
Fe2+ 133 1.37 1.37 1.36 1.39 1.34 1 31 1.28 1 29 128 1.31 1.37 1.41 126 123 1 26 1 31 1.36 133 1.30 1 22 127 
Mn2+ 139 1.33 1.31 1.40 128 1.30 1.37 1.43 1.41 140 1 31 1 27 125 1 39 142 1 39 1 34 130 130 1.32 1.43 137 
Mn2+ 022 023 0.18 016 021 017 021 022 021 021 026 018 0.19 017 0.17 019 019 0.19 0.19 020 0.18 0.16 
Ca2+ 011 011 0.12 010 0.17 010 0.10 0.10 009 009 010 014 017 019 019 019 017 017 021 019 017 021 
Na1+ OOO OOO OOO OOO OOO 0.00 0.00 OOO 0.00 OOO OOO OOO 0 01 OOO OOO 0.00 OOO OOO OOO 0.00 0.00 OOO 
K1+ 0.00 OOO OOO OOO OOO OOO 0.00 OOO 0.00 OOO 0.00 OOO OOO OOO OOO OOO OOO OOO OOO 0.00 OOO 0.00 
Total 8 02 8 02 8.00 801 8 00 796 8 00 800 800 798 799 797 801 8 00 8 00 8.01 800 801 8 01 800 800 800 
X oosillon r01 305 3.03 298 301 304 2 90 3 00 3 03 301 297 2 98 296 302 301 301 303 301 302 302 301 3.00 3.02 
mol ner cent e "' 
lnvrone 7 8 6 5 7 6 7 7 7 7 9 6 6 6 6 6 6 6 6 7 6 5 
almand1ne 43 45 46 45 46 46 44 42 43 43 44 46 47 42 41 42 44 45 44 43 41 42 
snessart1ne 45 44 44 46 42 45 46 47 47 47 44 43 41 46 47 46 45 43 43 44 48 45 
lnrossular 4 3 4 3 5 3 3 3 3 3 3 5 6 6 6 6 6 6 7 6 6 7 





Table A9: microprobe analyses - garnet 
samole TH394-2fil TH394-2fil TH394·26 TH40-67 0 TH40 • 67 0 TH40-670 TH40·670 TH40-67.0 TH40-670 
mineral lotE1 latE1 latE1 latF1 atF1 atF1 atF1 l!'.11F1 latF1 
analvs1s no 207 208 209 222 224 225 226 227 229 
location ruml 3617 3887 4010 lnm 10lnml 245 123 385 543 718 
,,,b: TUB TUB TUB TUB TUB TUB TUB TUB TUB 
wt.% 
8102 3700 3690 3728 3798 3802 3798 37 86 38 00 3777 
no2 009 004 002 003 015 0.09 006 0.09 0.09 
Al203 2053 2080 2094 21.18 2057 2051 2052 2034 20.68 
FeO 1895 2072 2074 1601 1573 1631 18.36 1885 1634 
MnO 1904 1787 17.99 13.48 1038 11.88 10.41 1019 1193 
MoO 145 163 1.31 037 040 046 0.43 043 0 43 
cao 241 2.14 199 11.20 1433 12.74 1210 12.15 1299 
Na20 001 003 OOO 001 001 OOO OOO OOO 0.00 
K20 OOO OOO 002 0.02 1) 00 0.00 OOO OOO OOO 
Sum Oxides [01. 9948 10011 10029 10028 9959 9997 9974 10005 10024 
II cations: 
S14+ 302 300 302 302 303 3 03 3.03 3.04 301 
T14+ 001 OOO OOO 0.00 001 0 01 0.00 001 001 
All61 197 1 99 200 1 99 1.93 1 93 194 1.92 194 
Fe2+ 129 1.41 1.40 1 07 1.05 1 09 1.23 126 1 09 
Mn2+ 1.32 123 1.23 091 0.70 0.80 0.71 069 0.81 
Mg2+ 01B 020 016 004 005 0.06 005 005 005 
Ca2+ 021 019 017 096 1.22 1.09 1 04 1.04 111 
Na1+ OOO OOO 0.00 OOO OOO OOO 0.00 OOO OOO 
K1+ OOO OOO 0.00 OOO OOO OOO OOO OOO 0.00 
Total 7.99 801 7.9B 7.9B 7 99 8 00 8 00 800 8 01 
X oos1t1on r01 299 3.02 297 297 302 304 Ill' 302 304 305 
mol oer cent e 
ovrooe 6 7 5 1 2 2 2 2 2 
almandine 43 47 47 36 35 36 41 41 36 
soessartine 44 41 42 31 23 26 23 23 26 
lnrossular 7 6 6 32 41 36 34 34 36 
100 100 100 100 100 100 100 100 100 
TH40-67 0 TH40-67.0 TH40·67.0 TH40-67 0 TH40-67.0 
otF1 atF2 latF2 atF2 latF2 
230 238 239 242 243 
915lnml 10lnml 138 310 587 
TUB TUB TUB TUB TUB 
37 41 3896 3811 37.57 3794 
002 0.11 015 021 020 
2064 2037 20.74 20.53 2060 
15.81 15 90 1707 1670 1697 
1327 13.73 1139 9.50 990 
034 0.38 041 035 040 
11.48 1055 1260 1435 1392 
0.01 001 OOO OOO 0.01 
OOO 004 OOO OOO 0.00 
9897 10003 10047 9923 9992 
302 310 303 301 3 02 
OOO 001 001 0.01 001 
1 96 1 91 1 94 1.94 1.93 
1 07 1.06 1.13 112 1.13 
091 092 077 0.65 067 
004 004 005 004 005 
099 090 1.07 123 1.19 
OOO OOO 0.00 OOO 0.00 
OOO OOO OOO 0.00 0.00 
8 00 794 BOO 801 8.00 
301 - 2 93 302 304 3.03 
1 2 2 1 2 
35 36 38 37 37 
30 32 25 21 22 
33 31 35 41 39 
100 100 100 100 100 
TH40-67 0 TH40-67 0 TH40-67.0 
otF2 latF2 atF2 
244 246 247 
863 932 1173 
TUB TUB TUB 
3831 3756 3723 
023 023 0.13 
2051 2044 2059 
1664 1737 1662 
966 955 11.35 
004 041 047 
1378 1406 1222 
0.02 003 0.01 
01B 0.00 OOO 
9935 9966 9B63 
306 301 301 
0.01 001 001 
193 1.93 1.96 
111 1.16 1.12 
065 065 078 
OOO 005 006 
1.18 121 1 06 
OOO 001 OOO 
002 OOO 0.00 
797 B02 B 00 
295 307 3.02 
0 2 2 
38 38 37 
22 21 26 
40 39 35 


































































Table A11: Microprobe analyses- epidote 
sample TH40· 67.0 TH40-67.0 TH40-67.0 TH40- 67.0 
mineral eplf1 epiF1 ep1F2 eplF3 
Table A10: Microprobe analyses- amphibole analysis no. 262 263 264 265 
lab: TUB TUB TUB TUB 
sarnole TH247-361. TH247·361. TH40-67 o TH40-67.0 TH40-67 o lrwt.%1 
mineral arnoAL1 amoAL2 arnPF1 arnoF2 arnoF3 8102 38.26 38.11 38.72 38.34 
analvsis no. 472 475 269 272 273 Ti02 0.18 0.07 0.15 0.07 
lab: CSL CSL TUB TUB TUB Al203 25.30 25.54 25.48 2569 
lrwt.%1 FeO 9.26 9.50 9.29 9.11 
Si02 582 57.94 4237 39.99 41.18 MnO 0.30 0 30 0.29 0.31 
no2 0.04 0.05 0 35 0.30 0.35 Mao 0.01 0.00 0 00 0.00 
Al203 1.04 0.74 11.99 13.01 11.89 
FeO 0.89 1.07 21 67 21 86 2225 
Cao 23.21 23.36 23.18 23 47 
Na20 0.01 0 02 0.01 0 00 
MnO 0.16 0.32 0.76 0.84 0.76 K20 0.01 0.00 0.00 0.02 
MnO 23.9 23.94 612 5.51 5 97 
Cao 13.91 13.75 11.48 11.51 11.50 Sum Oxides f% 96.53 96 88 97.12 97.01 
Na20 0.13 015 0 84 0.92 0.98 
K20 0.05 009 0 86 0 96 1.00 It cations: calculated on the basis of 12.5 oxvaem 
F 0.29 0.35 SI 297 2.96 2.99 2.96 
Cl 0 0.01 Ti 0.01 OOO 0.01 0.00 
All61 2.32 2.33 2.32 2.34 
H20Cc\ 2.08 2.04 Fe 3+ 0.67 0.68 0.67 065 
O=F 0.12 0.15 Mn2+ 002 0.02 0.02 002 
O=CI 0 0 Mo 0.00 0.00 OOO 0.00 
Ca 1.93 194 1.92 1.94 
Sum Oxides r0;. 98.32 98 05 96.45 94.92 95 66 K 0 00 0.00 0.00 0.00 
Na 0.00 0.00 0.00 0.00 
ii cations: 
Si 7.881 7.879 6.56 6.37 6.49 Total 7.93 7.94 7.91 7.93 
n 0.004 0.005 0 04 0.04 0.04 
Alf41 
-
0.119 0 118 1.42 1 63 1 51 rnola,oer cent 01staclte end-member. 
AJfGT 0.046 0 0.78 0.81 0.70 1 olstac1te: --668 685 - 66.6 65 5 
Fe2+ 0.101 0.11 2.82 2 91 2.93 
Mn2+ 0.018 0.037 0.10 0 11 0.10 
Mo 4.824 4.851 1.42 1.31 1.40 
Ca 2 018 2 004 1.91 1.96 1 94 
Na 0 033 0.04 0 25 0 29 0 30 
K 0.009 0 016 0 18 0 20 0.20 
F 0.123 0.15 
Cl 0 0.001 
OH 1.877 1.849 
T nos1tion 141 8 7.997 8 8 8 
Table A12: Microprobe analyses - carbonate 
C DOSitJOn [BI 5 5 5 5 5 
B oosit1on [BI 2 2 2 2 2 
A oos1t1on 112] 0.053 0.06 0 43 0 48 0.50 
Sum cations 15 053 15.06 15 49 15.62 15.62 
XMn 0.979 0.988 0.33 0.31 032 













































Table A13: Microprobe analyses - feldspar 
sample TH471-159 TH40-67,0 
mineral lsoCi lsoF1 
analysis no 124 256 
lab: TUB TUB 
rwt.%J 
8102 66 79 63.76 
TI02 0.02 0.00 
Al203 21.56 18 29 
Fe203 0.14 0.76 
Mno 0.00 0.23 
MgO 0.00 0.00 
Cao 224 0.78 
Na20 9.24 0.81 
K20 011 15 30 
Sum Oxides [w 100.13 99.92 
II cations: 
calculated on the basis o! 32 ox bens 
Si 11.662 11.896 
Al 4.437 4.019 
Fe 0.006 0.036 
Ca 0.419 0.155 
Na 3.127 0.294 
K 0024 3.640 
Zoosltlon 16.099 15.950 
Xoosition 3.577 4.089 
mol oer cent end-rnernbe1 s: 
anorth1te 11 74 3.79 
albite 87.57 7.18 




















Table A14: Rock catalogue 
UTas# Fleld# Rock Name Rock descnplJon AMGNorthlno AMG Easuna l!thostratlaraohv Preps 1comments 
mod ep-carb-act alt, mod fspr 
140677 C2047-33 daclte lnh<•nc1/dac 7750141N 371418E Troooer Creek Formation RPDTS 
140678 C2047-4 5 dacile Intrusive too contact of dac 7750141N 371418E Troont1r Creak Formation R 
chloritlsed, px-(fspr)-phyric an<lt 
140679 02047-13 andesile lntruston 7750141N 371418E Trooner Creek Formation RPDTS 
140680 02047-19 6 brecc!a ser-chl-bt aft, monomlctlc lflv bx 7750141N 37141BE Mount Windsor Formation RTS 
140681 C2047·2.0 rhvoute str qz-ser-ov alt, az chvrtc rtw 7750141N 371418E Mount Windsor FormaUon A POTS 
140682 02047-40 rhvollte Pervasive ser-ov aJt. az chvnc rtw 7750141N 37141BE Mount Windsor Fonnallon RPDTS 
mod sa~-py)+<:arb-ap alt, qz 
140683 C2047-64 rtwollle •sorl nhvric rhv 7750141N 371418E Mount Windsor Formallon RPDTS 
domalnal ep-lm(-<arb) all, qz 
140684 C2047·70 fhvoJlte hvrlc rhv 7750141N 371418E Mount Windsor Formation RPDTS 
140685 C2047-83 rhvollte sll'd hem alt qz fsor Phvrtc rtw 7750141N 37141BE Mount Windsor Formation RPDTS 
monomlctlc dac bx w pertltlc dac 
140686 C2047-991 breccia clasts 7750141N 371418E Troooer Creek Fonnatlon RTS 
polymlctlc bx w per11tlc fspr phync 
140687 C2047-112 75 breccfa dacclasts nso141N 371418E Troooer Creek Formation RTS 
140688 E3204SD50·57 9 homfels crd-rtch pelltlc homfels 7750287N 372367E Mount Windsor Formation RTS 
140689 TH10-17 dacile least att hlah tsor ohvrtc fl dac 7750179N 371357E Trooper creek Formation RPDTS 
pervasive qz-sar0 py all, qz phyrlc 
140690 TH10·129 rhvollte rhv 7750179N 371357E Mount Windsor Fonnatlon RPDTS 
lrhvo!1te 
pervasive QZ·ser·py alt, qz phyrtc 
140691 TH112·211 rhv 7750383N 371573E Mount Windsor Formation RPDTS 
strong pervasive sar..chl·py alt, qz 
140692 TH112·227 rhvol11e lohvric ihv 7750363N 371573E Mount Windsor Formation RPDTS 
white sll'd overpMUng sar-py all, 
140693 TH112·237 rhvollte oz ohvric rhv 7750383N 371573E Mount Windsor Formation RPDTS 
least alt, qz·fspr phync rhy, minor 
140694 TH112·370 rtwo11te hem+eoalt 7750383N 371573E Mount Windsor Fonnatlon R,PD.TS 
ep and hem alt, slllc qz.fspr 
140695 TH112·3S86 rhvolUe 'ohrvricrhv 77503S3N 371573E Mount Windsor Formation R 
mod ep(+chl·act-carb) alt, ciz 
140698 TH112-404 rtwollt0 ; tfsor\ chvric rhv 7750363N 371573E Mount Windsor Formation RPD.TS 
140697 TH112-420 rtwollta least all. oz fsnr mv 7750363N 371573E Mount Windsor Formallon R 
140698 TH112-436 breccla monomlctlc rhv bx 7750383N 371573E Mount Windsor Formallon R.TS 
white sli'd overprinting sar-py alt, 
140699 TH112-448 rtwollte oz ohvric rhv 7750383N 371573E Mount Windsor Formallon RPDTS 
140700 TH112-551 rtivouta alb alt fspr m phvric rtw 77503B3N 371573E Mount Windsor Formation RPDTS 
140701 TH112-653 dacite least alt hi h fsor onvnc f/ dac 7750383N 371573E Troocer Creek Formation R PD.TS 
140702 TH1448-54 mvolita Wk ser·bt alt, QZ.-fsnr nhvrtc rtw 775045BN 372B77E Mount Windsor Formation RPDTS 
140703 TH1448.07 rtivollta wk ser..chJ-bt all. QZ fsnr nhvnc rhv 7750458N 372877E Mount Windsor Formation RPDTS 
140704 TH1448-151 7 sandston0 crseQZCRVS 7750458N 372877E Mount Windsor Formation R 
mod pervasive ser-bt alt. qz phyrtc 
140705 TH144B·170 rhvohla rhv 7750458N 372S77E Mount Windsor Formation RPDTS 
140706 TH1448·217 thvollle white sll'd oz Dhvric rhv 7750458N 372877E Mount wtndsor Formallon RPDTS 
140707 TH1448·226 rhvollte 
sll'd domains in ser-chl-bt alt, qz 
I Cfsorl ohvric rhv 7750458N 372B77E Mount Windsor Formation RPDTS 
140708 TH1448-297 rhvonte mottled. ser-chl-bt alt, QZ chvnc 7750458N 372877E Mount Windsor Formation RPD.TS 
140709 TH1448-392.8 dlorita eo and hem alt dJOnte 775045SN 372877E Lolworth·Aavenswood Batholith RPS 
140710 TH1448-5S6 4 sandstone crse oz CRVS 7750458N 372877E Mount Windsor Formation R 
140711 TH148-34 lrhvolite least all, Qz-tscr phvrtc mv 7750877N 370640E Mount Windsor Formation R PD.TS 
140712 TH148-130 rhvohte sll'd and ?alb alt. az 1snr nnllTlc rl"w 7750877N 370640E Mount Windsor Formation RPDTS 
140713 TH148·158 rtwonte mottled, ser-chl-bt all. qz ohvnc 7750877N 370640E Mount Windsor Formation R PD,TS 
ser-py--c:hl all+ cartJ.ep alt, 
Mdunt Windsor Formation 140714 TH148-564 rhvo!lt& 7v'clastrc m:-eve mv 7750877N 370640E RPO 
str peNasive ser alt, 7V'clasttc qz. 
140715 TH148·567 rhvollte eva nomh rhv 7750877N 370640E Mount Windsor Formation RPDTS 
ser + ep-act + bt-chl aft. qz-eye 
140716 TH148-569 rhvotlte oomh rhv 7750877N 370640E Mount Windsor Formation RPDTS 
140717 TH18-90 dac1te albalt. dac 7749927N 371692E Troooar Creek Fonnatlon R PD.TS 
140718 TH18-13BS dacrte bt alt fsar nrnvric dac 7749927N 371692E Troocer Creek Formation TS 
str peNaslve ser-py a!t, qz (fspr) 
140719 THlS-191 rhvohte nhvric rhv 7749927N 371692E Mount Windsor Formation RPDTS 
140720 TH1S-266 rhvohte Dervastve ser alt, az ohvrlc rhv 7749927N 371692E Mdunt Windsor Formation RPDTS 
pervasiva qz-ser-py(chl·bt) all, qz 
MJunt Windsor Formation 140721 TH238-95 rtwallte ohyric rhv 7750305N 371487E APDTS 
py-nch pervasive qz-sar-py(chl-bt) 
140722 TH238-130 rhvollte all. oz ohvric rhv 7750305N 371497E Mount Windsor Formation RPDTS 
pervasive sar-ch>py all, qz phyric 
140723 TH23B-144 rhvnllle rhv 7750305N 371487E Mount Windsor Formation RPDTS 
140724 TH23B·183 rflvallta str "''"....,Z·ser all. oz ohvnc rhv 7750305N 371497E Mount Windsor Formatton RPDTS 
pervasive sar-py(-bt) all, qz phyric 
140725 TH238·194 rh=hte rhv 7750305N 371487E Mount Wlndsor Formation RPDTS 
140726 TH238-202 rhvollte alb all QI fsnrphvrtc rhv 7750305N 371497E ~cunt Wtndsor Formation RPDTS 
str pervasive sar alt, qz tspr phyrtc 
140727 TH238-205 rhvollle rhv 7750305N 371497E Mount Windsor Formation RPDTS 
str pervasive ser alt, qz fspr phyrtc 
14072S TH238·235 rtwo!ite rhv 7750305N 371487E Mount Windsor Formation RPDTS 
140729 TH243-86 rhvollta wk ser-bt alt. az-fsor ohvrtc rtw 7750606N 371203E Mount Windsor Formation RPD.TS 
140730 TH243A-248 2 mvollte ser-chl-bt all- n7 nhvrlc rhV 7750606N 371203E Mount Windsor Formation RTS 
str pervasive bt(-ser-ep) aft, poor 
140731 TH243A-425 daclte fsiv nhu II dac 7750606N 371203E Trooaer Creek Formation R PD.TS 
140732 TH245·2244 rhvoflte mottled, ser-bt~hl att. az phyrtc 7750537N 371254E Troooer Creek Formation RTS 
140733 TH245-3991 brecc1a ser-<."hl alt rhv bx 7750537N 371254E Trooper Creek Formation RTS 
mod bl-chl(-ep) all, mod fspr 
140734 TH245-517 dacita lohvric l/dac 7750537N 371254E Tmn .. ar Creek Formation A PD.TS 
140735 TH245.074 8 calc-s11fcate msve catb--c:hl-tm all. ?mv 7750537N 371254E Mount Wlndsor Formation R 
140736 TH245-675 8 calc·slllcate dloo + tm bearina. msve calc· 7750537N 371254E Mount Windsor Formation TS 
140737 TH245·713 breccla monomlctic rhv bx 7750537N 371254E Mount Windsor Formation R 
140738 TH245·7558 daclta least all fsor Dhvrtc dac 7750537N 371254E TrooMr Creek Formation R 
140739 TH247-577 rhvoute wk ser att mod oz fspr chvnc thv 7750627N 371254E Mount Windsor Formation RPS J.AGCsamole 
140740 TH247-75 rhvol!te least alt QZ·fsar ohvnc rhv 7750627N 371254E Mount Windsor Formation RPO PS 
ser-chl alt, wk py alt, highly qz 
140741 TH247-988 thvollte (fsor\ ohvric rhv 7750627N 371254E Motmt Windsor FonnaUon RPS RGCsamola 
140742 TH247·136 rhvonte chl-bt alt QZ onvrtc rhv 7750627N 371254E Mount Windsor Formation RPO PS 
140743 TH247-1698 fhuollte sar.Ot-chl alt. mod n7 phyric rhv 7750627N 371254E Mount Wlndsor Formation RPS RGCsamole 
140744 TH247·219 rtwo!lla chi-bi all, qz ohvnc rtw ?V'clastlc 7750627N 371254E Mount Windsor Formation RPS RGCsamole 
140745 TH247·2305 rtivollle wk ser-chl alt. m omnc rhv 7750627N 371254E Mount Windsor Formation R 
140746 TI-1247·2388 breccla slhc. nv all, QZ ohvnc rhv bx 7750627N 371254E Mount Windsor Formation A P§___ RGC samole 
140747 TH247-2517 breccla mudst lntraclasts In rtw bx nsos21N 3712S4E Mount Windsor Formation R 
lam sillc mU<:lst top of nonnai 
140748 TH247-256 breccla laraded monomlcUc rhv bx n50627N 371254E Mounr Windsor FormaUon R 
str sar alt, mod qz phyrlc rhy bx w 
IRGCsamote 140749 TH247-2748 brecc1a lnterbedded sad 7750627N 371254E Mount Wlm:fsor Formation RPS 
140750 Tl-1247-300 breccla &Ille wk all ser.nv\ monamlct mv 7750627N 371254E Mount Windsor Formation RPS JRGCsamole 
140751 TH247-322 mvonte ser-bt all m <fsnr mv 7750627N 371254E Mount Windsor i=onnatlon RPS 
140752 TH247-325 2 rhvoute tm an-carb al hvrfc rhv 7750627N 371•54E Mount Windsor Formation R 
140753 TH247-347 2 rhvohta lnlense OZ•DV·ser all, QZ phVnC rti n50627N 371254E Mount Windsor Formation RPS I RGC sarnola 
rare remnant qz xl, calc--c:h!-tm-py-
140754 TI-1247-361 3 ca!c.slllcata soh rtch aft rhV 7750627N 371•54E Mount Windsor Formation RPS 
slllc, sar all, highly qz phync rhy 
IRGCsamole 140755 TH270-49 5 rhvollte ?v'c!asllc 775033-1N 372496E Mount Windsor Formation R 
140756 TH270·7B rhvollta wk ser alt, az ohvnc rhv 7750331N 372496E Mount Windsor Formation RPO PS 
140757 TH270·121 rhvollte wl. ~r-bt·DV alt. az chvrit: mv 7750331N 372496E Mo~ Windsor Fonnatlon RPO PS 
140758 TH270·145 rhvollte 1oervasiva ser.tlt-cv alt, oz ohvrtc 7750331N 372400E Mount Windsor Fbrmatlon RPO PS 
str peNaslve chllbt·ser-py att, qz 
140759 TH270·220 ffivollte lomiric rhv 7750331N 372496E Mount Windsor Formation RPDPS 
str pervaS1Ve ser-chl-bt-py alt, ciz 
140760 TH270-278 rtwollt0 lohvric mv 7750331N 37249BE Mount Windsor Fonnatlon RPO PS 
1AQ761 TH270·313 ~- rhvollla strpe_N_aslve qz plJ'mQ____rhv 
--
775Jl3;l1N 37t496E Mount W1ndsor Fomatl<m R.PD.PS 
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140762 TH270-3682 rtwollte ser-chl-carb aft, mod oz onvr1c rh n50331N 372496E Mount Windsor Formation RPS AGC samole 
sir pervasive chl-ser-py all, qz 
140763 TH270-391 rtwollte ohvrtc rtw n50331N 372496E Mount Windsor Fonnatlon RPOTS 
mod bt all, + ?alb alt, mod fspr 
140764 TH270'°395 daclte ohvrk: f/dac n50331N 372496E Troooer Creek Formation RPO PS 
140765 TH28-60 6 daclte dac nso1a1N 371045E Troooer Creek Formation RTS 
140766 TH26-139 daclte all dac n50101N 371045E Troooer Creek Formation A POTS 
140767 TH28-304 dacite 7750187N 371045E Troooer Creek Formation RPO,TS 
140768 TH28-416 daclte modb1- c 77501B7N 371045E Trooper Creek Formation A POTS 
140769 TH28-502 95 calc-sll!cate n50187N 371045E Mount Windsor Formation RTS 
140770 TH29-56 5 brecc1a 7750271N 371055E Troocer Creek Fonnallon R 
It, poorpx 
140771 TH29-174 andeslle 7750271N 371055E Formation RPOTS 2TS 
140772 TH3-5 dacite n50011N 371752E Formation A POTS 
140773 TH3-46 rtwollte nv nsoo11N 371752E TS 
14on4 TH334-59 1 breccla n5ooaoN 371344E moper Creek F RTS 
14ons TH334-61 6 breccla mv +dacclasts nsoosoN 371344E Troooer Creek F R 
mod ep-oarb all, hlgh hbl phyrtc Y 
140776 TH334-81 andeslte and I nsoo8oN 371344E Troooer Creek Formation RPOTS 
mod bl(-<:hl-ep)+alb all, high fspr 
140n7 TH334-136 dac1te phvrfc 11 med dac 371344E Troooer Creek Formation A POTS 
140n8 TI-137-223 sandstone fscr+oz CRVS 370353E Troooer Creek Formation R 
14on9 TH37-70 7 sandstone normal nraded, fsor-rlch turbldlle n 370353E Trooper Creek Formation R 
act and alb alt, modJhlgh fspr 
140780 11-i37-90 daclte lohvrtc dac n50433N 370353E Trooner Creek Formation A POTS 
phylntlc mudst w act-qz-rich separate XRF analyses of phyUltltc 
140781 TI-137-1385 mudstone n50433N 370353E Troocer Creek Formation RPD PS mudst (1407B1A) and act-az-nch 
140782 TH37-152 8 sandstone • dacoum clasts n5o433N 370353E Troooer Creek Formation RTS 
140783 TH37-1B45 sandstone s w mudst lnlerclasts Ti5o433N 370353E Trooper Creek Formation R 
73244 TH37-1891 calc-s11lcate I az-calc-ec-act. msve calc-slllcate nS0433N 370353E Trooper Creek Formation TS sample cataloaued bv J stolz no. 
carb-rich, chl-ep-qz, msve calc- sample catalogued by J Stolz no 
73245 TI-137-1902 calc-slllcate s1\lcate n50433N 370353E Troooer Creek Formation TS 73245 
bt-rlch, qz-<::alc~p-act-chl, msve 
140784 TI-137-193 calc-slllcate ca!c-slllcate n50433N 370353E Trooner Creek Forma11on TS 
140785 TH38-54 rtivollte domalnal ser-<::hl-nv all. oz ohvr\c n50205N 371735E Mount Windsor Formation A POTS 
monomlctlc rhy bx w rotated !low 
140786 TH38-59 brecc1a lamdasts 371735E Mount Windsor Fonnatlon R 
140787 TH36-191 rhvollte str oerveslve ser Bit. az nhVric rhV 371735E Mount Windsor Formation A POTS 
140788 TI-136-260 rhvollte str sar-<::hl-bt alt. az DhVtlc rtw n 371735E Mount Windsor Formation A POTS 
140789 TH36-403 4 mudstona foliated bt+musc+ctHlch mudst n 371735E Troocer Creek Fonnat!on TS 
140790 TH39-4045 braccle ~ n50205N 371735E Troooar Creek Formation R 140791 TH38-4064 braccla 7750205N 371735E Troooer Creek Formation TS 140792 TH36-421 daclte nsa20sN 371735E Troooer Creek Fonnatlon A.POTS 
140793 TH362A-156 sandstone dacltlc fspr-rlch sst n49918N 372565E Troocer Creek Formation RPO PS 
wk chi alt, v high tspr phyrlc rt mad 
140794 TH3B2A-157 dacite dee w carb veins n49918N 372565E Troocer Creek Formation A POTS 
str pervasive chl-ser-carb 
140795 TH382A~175 andesite ell amc/ox ohvrtc andt n4991BN 372565E Troooer Creek Formation RPOTS 
140796 TI-l392A-213 dac1te 
mod chl all, +alb Bit, high fspr 
lnhvricf/dac n49918N 372565E Troooer Creek Formation RPO PS 
mod chJ(-se~ al!, v high fspr phyrtc 
312se5e 140797 TH382A-220 dac!te meddac n49918N Troooar Creek Formation RPO PS 
140798 TH382A-297 daclle chi all, rvvinv fsor nnvnc f/ dac 7749918N 372565E Troon.:1r Crook Formation RPO PS 
least altw, mlnordlssem act+ 
140799 TH3B2A-356 dac1te 1-;~ii:~ 7749918N 372565E I Troo~r Creek Fonnatlon A POPS 140800 TH382A-400 daclte dac IT49918N 372565E Troo~r Creek Formation RPO PS 140801 TH382A-426 8 breccla n49916N 372565E Troo~r Creek Fonnatlon RTS 140802 TH394-44 rhvohte n50466N 372n6E • Mount Windsor Formation RPOTS 140803 TH394-114 rtwohte rhv n50466N 372n6E Mount Windsor Formation A POTS 
140904 TH394·142 rtwohte n50466N 372n6E Mount Windsor Formation A POTS 
140805 TH394-197 rtwolita lohvrtc mv n50466N 372n6E Mount Windsor Formation RPOTS 
140806 TH394-198 rtwollte 
sll'd domains In ser(-py) all, qz 
I (lsn" nhvrtc rtw n50466N 372n6E Mount Windsor Formation RPOTS 
gn..OOaring, domamal chi alt, qz 
372n6E: 140807 TH394-2828 rhvollle lohvrtc mv n50466N Mount Windsor Formation R PS 
140808 TH394-293 rhvollte I oer1aslve chl-ser alt, nz nhvl1c rhV n50466N 372776E Mount wtndsor Formation A POTS 
per1aswe qz-ser-py all, qz phyric 
140809 TH394-455 rhvotlte mv 7750466N 372776E Mount Windsor Formation RPOTS 
140810 TH40-37 4 mudstone foliated bt+musc+ch-rich mudst IT5042BN 370349E Troooer Creek Formation TS 
140811 TH40-44 mudstooo lammudst 775042BN 370349E Trooru:ir Creek Formation R 
140912 TH40-67 muds tone 
-naemudsl n50428N 370349E Troont1r Creek Formation RPS 
140813 TH40-68 5 breccla x n50428N 370349E Troooer Creek Fonna!1on RTS 
140814 TH40-236 6 sandstone mudst lnterclas1s n50428N 37034SE Troooer Creek Formation RTS 
bt-py all, mod fspr ~ 
140815 TH40-346 dac1te ohvrtc dac n50429N 370349E TroooerCreek Formation RPOTS 
140816 TH40-358 7 breccia dac r:ium bx n50429N 370349E Trooper Creek Formation R 
patchy ac1-ep + bi all, mod fspr 
140817 TH40-450 dacite ohvric dac n50428N 37034SE T"""""'r Creek Formation RPOTS 
per1aslve sar-py-chl alt, ?v'clastlc 
140818 TH40-506 rhvollte mv n50428N 370349E Mount Windsor Formation RPO 
140619 TH401-a9 daclte talt) dac n50122N 372515E Troocer Creek Formation RPO.TS 
140820 TH401-101-1 sandstone nn nz-fsnr. nso122N 372515E Mount Windsor Formation R 
semi-massive 
140821 TH401-103 7 sulohlda semi-MS In ctsa az·tlch v'clastlc n50122N 372515E Mount Windsor Formation R 
per1aslve qz-ser-py all, qz phyr1c 
140822 TH401-111 rtwonte mv nso122N 372515E Mount Windsor Formallon A POTS 
sir pervasive py-sph-l>t-<hl all, qz 
140823 TH401-120 rhvollte """rte rhv !semi MS\ nso122N 372515E Mount Windsor Formallon RPOTS 
pervasive qz-ser-py all, qz phyr\c 
140924 TH401-121 rtwnllte mv n50122N 372515E Mount Windsor Formallon RPOTS 
140825 TH402-88 dacite least alt, hlnh fscr chvr\c med dac n50020N 372932E Troooer Creek Formation RPD.TS 
least all (hem all), high fsprphyrtc 
140826 TH402·103 daclte f/dac n50020N 372932E Troooer Creek Formation A POTS 
mod chl-bt all+ alb sit, high fspr 
140827 TH402·113 daclle dac IT50020N 372932E Trnnnar Creek Fonllallon A POTS 
140829 TH402·119.2 da<:lle n50020N 372932E Troooer Creek Formation RTS 
poorfspr 
140829 TH402-123 dac1te lchvrlcf/dac n50020N 372932E Troormr Creek Formation RPOTS 
mod ep-act alt + str hem alt, poor 
140830 TH402-176 dacite fsor nhVM ff dac nsoo20N 372932E Trooner Creek Formation RPO PS 
mad, eqgr hbl-plag (sartclUsed) 
-
140031 TH402-219 dlor11a ~ 
-
372932E ~- A POTS 140832 TH402-321 daC1ta 372932E k A POTS 140833 TH402-3301 &== 372932E k RTS 140834 TH402-348 9 372932E n R 140835 TH402-366 372932E ollth R lame semcle for future radiometric 140836 TH402·368 4 dlonto r 372932E olllh R 
qz 
140837 TH402-398 rtwolita lchvr\crhll n50020N 372932E Mount Windsor Formation A POTS 
pervasive ser-bt att. qz fspr phyr1c 
140838 TH410.94 rhvoflte 370600E Mount Windsor Fonnallon A POTS 
140639 TH410-97 rhvollle ~ 370600E Mount Windsor Formation RPO 140840 TH410·121 mudstona Udsl 370600E Mount Windsor Formation RPOTS 140841 TI-1410-1251 rhvolite n50798N 370600E ~~nunt Windsor Formatton RTS I 3 separate XRF analyses and 3 TS sar-bt ait, qz of (1) WhHe, ~I'd my (140842A) (2) 140842 TH410-131 rtwohte s cm n5o7s8N 370600E Mount Windsor Formation RPOTS ser-bl al! mv 11408420\ and 13\ 
140843 TH410-150 rhvollte K-tscr all. az ?fson chvnc rhv n50799N 370600E Mount Windsor FormaUon RPDTS 
40844 .TH410•169 9 rtwn1t ser~lalt.m"""'"crtw "~'"8N 37QSnni.o IMoU"' u1indsor FomtR!lon IRTS 
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wk ser(-<hl-bt) all, qz ~sp~ phyrfc 
140845 TH410-192 8 rtwome rtiv n5079BN 370600E Mount Windsor FormaHon R 
140846 TH410-27B breccla nonnal araded rtiv"c bx nS0798N 370600E Mount Windsor Formation R 
str sO'd, rhy'c, lam mudst w ep·act 
140847 TH410-295 mudstone domains n50798N 370600E Mount Windsor Formation RTS 
140848 nf410-.313 rhvonte mottled, sar-chl-bt all rT7 "'hvr1c nS079BN 370£00E Mount Windsor Formation RPOTS 
least an and K.fspr alt domain, qz separale XRF analyses of least alt 
140849 TH41o.323 rhvome 7750798N 370£00E Mount Windsor Formation A POTS . r140849A\ and K-fsor all 
140850 TH410-3378 breccla 7750798N 370600E Mount Windsor Formation R 
140851 TH410·390 rhvoJlte CJZDhvr1c 7750798N 370600E Mount Windsor Formation RPOTSPS 
140852 TH410-39B rfwollte trtw n5079BN 370600E Mount Windsor Formation R 
140853 TH410-503 1 calc-s!llcate e c:alc-smcata nso1eeN 370600E Mount Windsor Formation RTS 
140854 TH412·145 rtwollta 7750317N 371802E Mount wtndsor Formation RPOTS 
140855 TH412A-490 breccia 7750317N 371802E Mount Windsor Formation R 
140856 TH412A-551 rtwollte rtw n50317N 371802E Mount Windsor Formation RPOTS 
m ep-mUSC-<hJ-<arl> al1, qz 
140857 TH412A-558 rtwonte hvrfc rhv 7750317N 371802E Mount Windsor Formation RPOTS 
140858 TH412B-645 rfivolJte K-fsor all az fsnr ohvrlc rhv 7750317N 371B02E Mount Windsor Formation RPOTS 
wk ser(-<hl-py) + ?K-fspr al~ qz-
140859 TH412B-674 rhvoma eveoorph rhv 7750317N 371802E Mount Windsor Formation RPOTS 
pervasive ep-tm-carb all, qz phyrtc 
1.4J1860 TH412B-786 rtwollta rtw 7750317N 371802E Mount Windsor Formation RPDTS 
140861 TH412B-699 5 brecc1a ohnnictlc dac rtw bx 7750317N 371802E Mount Windsor Formation R 
mod pervasive ser alt, rhy v'clastic 
140862 TH41A-439 sediment sed 7750167N 371069E Mount Windsor Formation RPOTS 
140883 TH41A-479 dac1te wk chi-bi all, I/ dac 7750167N 371069E Troooar Creek Formation RPOTS 
domalnal ser-bt-cari:J and ser-tm-
140684 TH41A-575 rhvome eo all, n7 nh\lnC rhv 7750167N 371069E Mount Windsor Formation RPOTS 
140885 TH41A-653 l'hVollte 
pervasive ser-chl/bt-py art, qz 
lohvric rtw 7750167N 371069E Mount Windsor Formation RPOTS 
140868 TH41A-713 rtwollle K-fsor alt m nhvnc rhv 7750167N 3710£9E Mount Windsor Formation RPOTS 
chl-ser-py alt, qz phyrfc my, minor 
140887 TH471-104 rhvohte Ion 7750900N 373975E Mount Windsor Formation RPO PS 
gn hamlets w. bt.fillUSC+qZ-rlch 
140868 TH471-159 5 I l'lamet-homfels mlX 7750900N 373975E Mount Windsor Formation RPS 
140889 TH471-228 d1onte crse ooor .,,..,._hbl-bt dlonte 7750900N 373975E Lolworth-Ravenswood Bathohth RPOTS 
mod bi-chi all, mod lspr phync 
140870 TH5-22 dactla 7750051N 371301E Troooer Creek Formation RPOTS 
140871 TH5-28 breccla 7750051N 371301E Troooor Cl'aek Formation TS 2TS 
140872 THS-28.25 breecla g. 7750051N 371301E Troooer Creek Formation R.TS 140873 TH5-54 daclte clastlcdac 7750051N 371301E Troocer Cmek Formation RPOTS 
mod/high 
140874 THS-104 dac1te c 7750051N 371301E Troooer Cmek Formation RPOTS 
140875 THS-168 exhalfle msve sJ..bar ?exhallte 7750051N 371301E Mount Windsor Formation RPOTS 
str paNaslve qz-sar(-chl) alt, 
140876 TH5-178 sediment dacrtlc sed? 7750051N 371301E Troooer creek Formation RPOTS 
qz-ser-py ell + tm-carb-ep alt, qz 
140877 TH5-258 rhvollle lohvricmv 7750051N 371301E Mount Wlndsl'lr Formation RPO PS 
sar alt, rtiy v'clastlc w qz lspr 
140878 TH5-301 breccfa lnhvrlc rtw clasls 7750051N 371301E Mount Windsor Formation RPOTS 
mod pervaswa ser-chl alt, qz fspr 
140879 TH5-308 rh"olile lnhvric rhy 7750051N 371301E Mourn Windsor Formation RPOTS 
sll'd, ham(~ +chi-bi) all, qz 
140880 THS-337 rh"ollte fsor ohvnc mv 7750051N 371301E Mount Windsor Formation RPOTS 
140881 TH5-339 rhvollte least all. crz fsor ohvr1c rtw nsoo51N 371301E Mount Windsor Formation RPOTS 
hem all, qz phync rhy w. patchy I 
140862 TH5-358 rfwollte carb-eo alt 7750051N 371301E Mount Windsor Formation RPO PS 
pervasive qz-ser·py all, qz phyrlc 
140883 TH5-394 rhvollte lrhv 7750051N 371301E Mount Windsor Formation RPOTS 
ser-bl all+ white sll'd, qz (fspr) 2 separate XAF analyses of ser-bt-
140884 TH61-88 rh\lollte lnm<ric rhv 7750363N 372855E Mount Windsor Formation RPOTS chi all nart r140884A\ and white 
parvas1ve ser att, my qz bearing 
140885 TH61-118 rh\tollte n50383N 372855E Mount Windsor Formation RPOTS 
140886 TH61-124 rtwollte ser att. l'IZ tsor Dnvrlc 7750383N 372855E Mount Windsor Formation RPOTS 
140887 TH61-157 rh'llollte h\lrlcmv 7750383N 372B55E Mount Windsor Formation A.POTS 
qz phyrfc thy w. ep-<art> 372~55E 140888 TH61·197 rhvollte veins 7750383N Mo11nt Windsor Formation RPO PS 
crse blue qz CRVS w. mudst 
140889 TH61·218.2 sandstone lntraclasts nS0363N 372855E Mount Windsor FormaUon R 
crse blue qz CRVS w. mudst 
140890 TH61-237.5 sandstone ln1raclasts 7750363N 372855E Mount Windsor Formation RTS 
sll'd, ham and atb all, poor fspr 
140891 TH61-2B4 dacite lohvnc Udac 7750363N 372855E Troooer Craek Formation RPOTS 
str pervas&Ve chl-ser-bt all, poor 
140892 TH61·287 daclte ~Udac 7750383N 3~855E Troooer Cmak Formation RPOTS 140893 TH62C-46 mvollte alb att. qz-eva ooroh 7750409N 370338E T""""""r Creek Formation RPOTS 
bt(-<hl) and alb a11, 
140894 TH62C·142 daclte hlohtv fSQr phvnc dac 7750409N 370338E TrooDAr Craek Formation RPO PS 
140895 TH62C-281 2 mudstone an-hbl-rtch ln1erval In nhVillle 7750409N 370338E TrooDAr Creek Formation RTS 
140896 TH62C·510 dac1te sll'd+alball dac 7750409N 370338E TroonAr Creek Formation RPO 
sir ep(cart>-ac1) all, +hem all, mod 
140897 TH62C-880 daclte fsor ohvrtc dac n50409N 370338E TroonAr Creek Formation RPOTS 
dac ctasts In qz fspr bearing 
140898 TH82C-7931 b~rla .. ho..1aucmtx n50409N 370338E Troooer Creek Formation RTS 
mod ep-cart>-ad all, poorfspr 
140899 TH62C-S25 daclte ohvrfcUdac 7750409N 370338E Troooer Creek Formation RPOTS 
ritt•ofite 
least att, qz fspr phyric my w. rellc1 
.62C-88205 I oerllUc texture 7750409N 37033BE Mount Windsor Formation RTS 
85-42 dactte least all. h1ah fscr ohvnc mad dac E 372542E Troooer Creek Formation RPO.TS 85-72 rh\lollte White slrd oz fsor nhvric rtw 372542E Mount Windsor Formation RPOTS 140903 TH85-1009 breccia monornlctlc rhv bx 372542E Mount Windsor Formation R 
mottled bl-ser-ep.py all, qz (lspr) 
140904 TH85·125 rhvollte nhvrfc mv 7750275N 372542E Mount Windsor Formation RPOTS 
pervasive qz-ser-py-bt alt, qz 
140905 TH85·159 rh\lollte ohvric rllv 7750275N 372542E Mount Windsor Formation RPOTS 
Intense domafnal ser-chl/bt-py all. 
140908 TH85-188 rh\lo\lle oz ohvrtc rhv 7750275N 372542E Mount Windsor Formation RPOTS 
140907 TH85-204 rhvoltte 
:_n ccntroUed py-<hl al~ qz phyric 
7750275N 372542E Mount Wlndsl'lr Formation RPOTS 
pervasive chl-bt.ser(-py) all, qz 
140908 TH85-215 rflvofite N-."riCrhv 7750275N 372542E Mount Windsor Formation RPDTS 
Intense domalnal ser-chl/bt-py alt, 
140909 TH85-312 mvotlta Z Oh\lrfC rhV n50215N 372542E Mount Windsor Formation RPOTS 
dornalnal ser and ser-chl-py, qz 
140910 TH85-441 rtivollt9 bearfnn mv ?v'clastla 7750275N 372542E Mount Windsor Formation RPO PS 
domainaJ ser..chl·py alt, qz bearing 
140911 TH85-452 rtivotlte mv?v'ctastlc n50275N 372542E Mount Windsor Fonnatlon RPOTS 
t40912 TH85-594 daclte str peivasive eP aft. fspr DhYrfc 7750275N 3725425 Troooer Creek Formation RPOTS 
lntoneo domalnal sar-chl/bt-py alt, 
140913 TH85A-241 rhvoltle m_ nhvrfcrhv n50275N 372542E Mount Windsor Formation RPOTS 
Intense domalnat ser-chUbt-py alt. 
140914 THBSA-335 rtwollte loz ohvric rhv 7750275N 372542E Mount Windsor Formation RPOTS 
pervasive qz~ser + domalnal chi 
140915 TH85A-348 rtwollte att. oz ohvrlc rhv 7750275N 372542E Mount Windsor Formation RPOTS 
140916 TH85A-349 1'1wonte str. oervastve chl-bt att. az ohvrlc 7750275N 372542E Mount Windsor Formation RPO PS 
pervasive chl·ser-py alt. qz PhYrfc 
140917 TH85A-384 rtivollte rllv nso21sN 372642E Moun! Windsor Formation RPO PS 
140918 TH85A·422 rtivollte I oervaslve ser-chl-sob att rtiv 7750275N 372542E Mount Windsor Formatlon POTS 
dac ctasts In qz fspr baa ring 
140919 THB5A-4444 breccia ohvlllUcmtx n5o275N 372542E Mount Windsor Formation RTS 
140920 THFH1 sandstone loz fsorCVRS n53175N 387140E Mount Windsor Formation RTS 
140921 ITHFH2 riwontR crse v h!ahlv oz-fsro ohvrlc mv 775'.J.H:mN 387145~ Mo1mt WlndMr i::'ormRtfon RPO S 
A40 
Table A14: Rock catalogue 
UTas# Fleld# Rock Name Rock descrintlon AMG Northlnn AMGEastln11 l..Jthostratl raohv Prens Comments 
140922 THFH3 mvolita 
'&r n53170N 367130E Mount Windsor Fonnatlon RPDTS 140923 THFH4 daclte mod t/dac 7753150N 367110E Troo~rCraek§ RPDTS 140924 THR2 rtwollte slllc oz phvrtc rhY • ~ Mount Windsor RPDTS 140925 THR3 rtwohle sillc rlcrhv Mount Windsor RPD.TS 140926 THRC8·87 lnranlte blue mamte Lolworth-Aavensw athoUth RPD.TS 140927 THRW1 breccla Mount Windsor Fonnatlon APS 140928 THAW2 breccla monom mt n53330N Mount Windsor Formallon ATS 140929 THAWS rtwohte sillc mod oz nhvric rhv n53290N 367470E Mount Windsor Formation APDTS v highly qz phyrtc, mod fspr phydc 
140930 THAW4 ttwobte n53450N 36n20E Mount Windsor Formallon RPDTS 
140931 THAWS rhvo!ite ~scrchvric rhV n53430N 367660E Mount Windsor Fonnatlon A PD PS 
phyric, mod fspr phyric 
140932 THAWS rhvo!lte medrtw n53470N 3677SOE Mount Windsor Formation APDTS 
crsa v highly lsp-qz phyrtc rhy w 
140933 THAW7 fhuo!lte abundantbt n53445N 36n10E Mount Windsor Formation APDTS 
140934 THAWS fhuo!Ha slllc mod nz chvric rhV n53360N 367605E Mount Windsor Formation RPDTS 
140935 THAW9 rtiuolHe 11 mod nz nhvrlc rtlV nS3355N 3B7580E Mount Windsor Formation A.POTS 
140936 THAW10 thvoUte sll1c, mod oz ohvrtc rtw 7753330N 367525E Mount Windsor Formation APDTS 
140937 THAW11 rhvolite slllc mod az chvrtc rhv n53310N 367SOOE EE'Fonnallon A.PD.TS 
140936 THRW20 slllca·lronstone sll..Jmnstone n53369N 367600E Formation A 
140939 THWH1 rtwollte fresh mod az4scr ohvrtc rtw n50685N 371375E r Formation APDTS 
140940 THWH3 rtwollta mod az-fsor ohvrlc rhv nsonoN 370900E Mount Windsor Formation APDTS 
140941 THWH4 rhvollte slllc. mod.Jilahlv az fspr chvric rhv nsoa20N 371460E Mount Windsor Formation APDTS 
Internal geochemical standard 
provided by RGC of least alt rhy 
140942 AH1 rhvollte slllc oz fsor ohvnc rtw see comments see comments Mount Windsor FonnaUon RPD form East Thalanqa, oxact 
hand specimen from West 
Thalanga Favourable Horizon, 
140943 HPTH-1 calc.si11cate msvetm see comments see comments Mount Windsor Formation A provided bv Walter Herrmann 
hand specimen of sample dated by 
SHRIMP at ANU; narthwastem end 
of railway cutting through Thalanga 
140944 92-014 ~""'"o loact alt. az tfsnr\ nhvrfc rhv i;GQ comment-; ~Arnmmi:mf<; Mn11ntWi A Ranae loutcroc section\ exact 
A41 
Abbreviations for rock description in sample cataloque 
Mineral abbreviations Word abbreviations 
Abbreviation Expansion Abbreviation Expansion 
act actinolite alt alteration I altered 
alb albite alk alkaline 
amp amphibole andt andesite 
ap aoatite assoc association 
apy arsenopyrite bx breccia 
Au qold bx'd brecciated 
aug augite con a conglomerate 
bar barite C'ous carbonaceous 
bn bornite crse coarse 
bornn bournonite dac dacite 
boul boulangerite dep deposit 
bt biotite dissem disseminated 
bx breccia evap evaporite 
calc calcite ff fine 
carb carbonate (qeneral) ferromaa ferromaQnesian 
cct chalcocite fm formation 
chi chlorite fraq fraament 
chr chromite g'diorite granodiorite 
cov covellite arnd a rained 
CPX clinopvroxene lam laminated 
cpy chalcopyrite lamn lamination 
et chert leucog leucoqranite 
dig digenite lith lithic 
dioo diopside med medium 
dot dolomite min'd mineralised 
ep epidote* minn mineralisation 
fl fluorite mod moderatelv I moderate 
fld fluoride* MS massive sulphide 
fspr feldspar msve massive 
fuch fuchs1te .rnudst mudstone 
gal aalena !Poroh porphyry I porphyritic 
an 1aarnet Pnt Point 
ave qypsum Port Pt 
hem haematite pum oumice 
hbl hornblende pumic pumiceous 
iam .iamesonite rep I reolacina, replacement of 
K iPotassium Rid Road 
kal kalsilite sandst sandstone 
leuc leucite sed sediment 
maa ma!'.lnetite sed'd sedimented 
M!'.l maanesium ~sedn sedimentation 
mel melilite sedrv sedimentary 
ml m1llerite Sil silica 
molyb molybdenite sil'd silicified 
ol olivine silic siliceous 
'Per perovskite siltst siltstone 
phlo!'.l phlogopite str strong 
1Plag Plagioclase SUDO suooorted 
Ion pentlandite u'mfc ultramafic 
IPO DYrrhotite v verv 
iorn prehnite v'clast volcanic last 
IPY " PY rite v'clastic volcaniclastic 
IPX pyroxene w. with 
IPVX ?pyroxenite wk weak 
IQZ quartz xl crvstal 
sal salite 
sch scheelite R hand specimen 
ser sericite TS thin section 
sero serpentine PS polished thin section 










Pages 363 to 377 have been removed as they are equivalent to the published version of the  
Taylor and Francis  article 
H. Paulick & J. McPhie (1999) Facies architecture of the felsic lava‐dominated host sequence 
to the Thalanga massive sulfide deposit, Lower Ordovician, northern Queensland, 
Australian Journal of Earth Sciences, 46:3, 391-405, DOI: 10.1046/j.1440-0952.1999.00713.x
In 2010 Taylor and Francis made the original article available online https://
www.tandfonline.com/doi/abs/10.1046/j.1440-0952.1999.00713.x














